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Abstract 

Carbon storage of selected church forests in northern Ethiopia: Implication for 

climate change mitigation 

Kehali Dereje 

Addis Ababa University, 2021 

Forests are known to play an important role in regulating the global climate. Therefore, 

it serves as natural sink of CO2 to mitigate climate change. Churches and monasteries 

have a long history of planting, protecting and conserving of trees. This study was 

conducted on selected church forests, with the objectives of estimating of the carbon 

stock and its variation along the altitudinal gradients. In light of this, primary data 

collection was done by field inventory and secondary data was collected from different 

sources. In order to collect vegetation data particularly above ground biomass (AGB), a 

total of 64 plots each with the size of 20 m x 20 m at an interval of 100 m, were laid along 

the established transects at 200 m apart. For litter and soil sample collection, five sub-

quadrants 1 m x 1 m were established at four corners and center of every quadrant. 

Composite method was also used for litter and soil sampling. Data analysis of various 

carbon pools measured in the forests were anayzed on the excel data sheet and R 

software. Vegetation parameters like Diameter at Brest Height (DBH), height and 

specific wood density were considered for AGB estimation. From forest inventory data, 

the aboveground biomass carbon stock was estimated by using allometric equations. The 

Below-ground biomass carbon stock was derived from the aboveground carbon stock and 

soil carbon stock was analyzed by Walkley-Black method. Results revealed that the total 

mean carbon stock density of church forests was 133.14 t/ha with aboveground biomass 

carbon of 24.73 t/ha and belowground biomass carbon 6.41t/ha, litter biomass carbon of 

1.80 t/ha and soil carbon stock 100.19 t/ha. The result of this study showed that altitude 

has no significant impact on carbon pools. Overall, this study may increase knowledge 

on the study site and show contributing of church forests for climate change mitigation. 

Key words:  Altitude, Allometric equation, Carbon stock, Church forest, Climate change 
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                          CHAPTER ONE 

                                       1. INTRODUCTION 

1.1. Background and Justification 
 

Nature provides goods and services that contribute to improving a good quality of life 

and human well-being (Díaz et al., 2018). But the effective functioning of these services 

is compromised when ecosystems are under pressure by habitat change, land use change, 

overexploitation, invasive alien species, pollution, and climate change (Carvalho et al., 

2014; Lipton et al., 2018).  

Climate change is the single biggest environmental crisis facing Earth, which may lead to 

unfathomable humanitarian disasters (Mal et al., 2018). It is occurred due to natural 

internal processes or external forcing, such as modulations of the solar cycles, volcanic 

eruptions, and persistent anthropogenic changes in the composition of the atmosphere or 

in land use (IPCC, 2014). According to the current scientific consensus, warming of the 

global climate system seems to be unambiguous and is most likely due to anthropogenic 

emissions of greenhouse gases (GHG) particularly carbon dioxide (CO2) (IPCC, 2014).  

Carbon dioxide (CO2) makes its position on top, accounting for 76% of total 

anthropogenic GHG emissions (IPCC, 2014).  

It has been estimated that global release of CO2 has been increased by 2.2% since 2000 to 

2010 (IPCC, 2014). Consequently, mean annual temperature had risen by 0.85°C from 

1880 to 2012 (IPCC, 2014). These changes have obvious widespread impacts on human 

and natural systems (IPCC, 2014). As such, global release of GHGs should be checked 

for managing widespread impacts. 

Sacred Natural Sites (SNS) are portions of land or water that hold spiritual significance 

for specific communities (Wild et al., 2008).  They are often hotspots of cultural as well 

as biological diversity (Verschuuren et al., 2010). These include sites which have been 

physically altered by those who hold them to be sacred due to burial grounds or 

constructions of monuments which are known as semi natural sacred sites, or those that 
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have been less actively altered, such as areas that are preserved and set aside due to their 

spiritual significance (Jeanrenaud, 2001; Bhagwat & Rutte, 2006; Anthwal et al., 2010). 

According to Wild et al., (2010) SNS are as nodes of resilience, restoration and 

adaptation to climate change, as offer opportunities for building landscape connectivity 

networks and recovering ecologically sound, because they form important refugee for 

biodiversity and maintain a dynamic cultural fabric in the face of global change. 

There are many SNS around the world, as diverse as the countries and cultures which 

they represent (Dudley et al., 2005; Bhagwat & Rutte, 2006; Dudley et al., 2009; Finlay 

& Palmer, 2003). As a result, these groves are represented globally with different names 

and purposes, such as church forests, fetish forests, and sacred forests (Ormsby and 

Ormsby, 2010; Cardelús et al., 2012). They are found all over the world including Japan, 

Morocco, India, Ghana and Ethiopia (Cardelús et al., 2012; Cardelús et al., 2013). 

In Ethiopia there are more than 35,000 Orthodox Churches in which most of them own 

forests (Wassie et al.,2009). The forests are also called sacred groves being kept for the 

past many hundred years through the strong biblical basis, theological thoughts, religious 

belief and commitment of the communities (Alemayehu Wassie, 2002). The churches and 

monasteries of the Ethiopian Orthodox Tewahido church (EOTC) are often surrounded 

by small natural forest characterized by a high floral and faunal diversity with many 

indigenous and rare species (Alemayehu Wassie, 2007; Cardelús et al., 2013), as the 

Church has a long history of planting and protecting trees around churches. 

According to Tulu Tola (2011) Ethiopian Orthodox Tewahido church plays significant 

role on building public perception and attitude about the causes and consequences of 

climate change and implementation of climate change adaptation strategy, in addition to 

direct carbon sequestration through forests in monastery and church compounds. On top 

of that, the author also emphasized that carbon sequestration potential of church forest is 

comparable with other national and tropical natural forest. 

Keeping the temperature increase below 2°C, compared to the pre-industrial level 

requires a reduction in CO2 and other GHG emissions. For this IPCC emphasizes an 

integrated strategy for climate change mitigation that involves reducing the use of fossil 
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energy and fossil-based materials, and enhancing carbon sinks in the land use, land use 

change, and forestry (LULUCF) sector (IPCC 2014a, 2014b). 

As a result, terrestrial carbon (C) sequestration in vegetation and soil has been recognized 

as a means of mitigating high atmospheric concentrations of CO2 that causes global 

warming (Saha et al., 2010). On this premise, forest ecosystems have been identified to 

play important roles in the climate change phenomena due to their ecological functions as 

both sources and sinks of atmospheric CO2 ( Gevaña et al., 2008). Forests offer possible 

pathways for climate change mitigation through the sequestration and storage of carbon 

in forests and harvested biomass, and the use of harvested biomass as a substitute for 

fossil energy and fossil-based materials so as to reduce atmospheric CO2 emissions 

(Canadell & Raupach, 2008; Lemprière et al., 2013; IPCC 2014b; Kurz et al. 2016). 

According to IPCC (2007a) report, until 2050 on average, forest has a biophysical 

mitigation potential of 5,380 Mt CO2/yr. It sequesters and stores more carbon than any 

terrestrial ecosystem i.e. they store more than 80% of all terrestrial above ground carbon 

and more than 70% of all soil organic carbon (Jandal et al., 2006; Perschel et al., 2007). 

Strategically, the role of tropical forests in global carbon cycle and its potential to reduce 

carbon dioxide emission by photosynthesis has made it crucial to estimate the carbon 

stock of the forests (IPCC, 2006), as they are prominent for its highest carbon density and 

largest area coverage compared to other eco-regions of the world. They are serving as a 

buffer to the effect of climate change (Aryal et al., 2014; Ngo et al., 2013). 

The global importance of forest ecosystem emphasizes the need to accurately determine 

the amount of carbon stored in different forest ecosystem (Nizami, 2010), because carbon 

stock assessment is an important step in carbon accounting and consideration of land use 

options and strategies to promote carbon sequestration (Ribeiro et al., 2013). The major 

carbon pools to be measured in forest carbon estimation are plant biomass (above and 

below ground), soil organic carbon (SOC), litter, herbs, and grass (LHG) and dead wood 

(Subedi et al., 2010). 

According to Tulu Tola (2011), the contribution of church forests to the reduction of 

atmospheric CO2 concentration can be estimated by computing both above and below-
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ground biomass in selected church forests. This study therefore aimed to generate data on 

the carbon storage of selected church forests in northern Ethiopia.  

1.2. Statement of the problem  
 

Reducing emissions and/or removing of CO2 from the atmosphere is important to achieve 

international climate change mitigation targets, such as keeping the increase of global 

temperatures to less than 2 °C, compared to the preindustrial level (Clarke et al., 2014). 

Thus, the forest sector to be considered as one of the main options in many climate 

change mitigation policies to combat human-induced carbon emission (Reyer et al., 

2009). Forests are used as carbon sinks and for other environmental services which are 

presently not paid for (popo-ola et al., 2012). 

At present, only small patches of forests remain in Ethiopia, mainly in the western and 

southwestern corner parts (Tola et al., 2007). The largest pockets of the remaining natural 

forests of Ethiopia are located in the south of Oromiya and Southern Nations 

Nationalities and Peoples Regional Government (SNNPRG) regions (Winberg, 2010), 

and some of the remaining forests of Ethiopia are located in monastery and church 

premises of the Ethiopian Orthodox Tewahido Church (EOTC) particularly in the central 

and northern plats of the country (Taye Bekele, 1998).  In line with this, Alemayehu 

Wassie (2002) stated that most of the time a traveler sees a patch of indigenous old aged 

trees in any parts of the country especially in the northern highlands of Ethiopia: most 

probably he/she can be sure that there is an Orthodox Church or monastery in the area. 

In the northern highlands of Ethiopia rural communities were highly committed to 

managing forests in and around the Ethiopian Tewahido Orthodox Churches (Alemayehu 

wassie, 2002). As a result, in northern Ethiopia, forests around churches are the last 

remnant forest patches surrounded by highly depleted bare grounds, and are currently 

under the threat of encroachment due to farmland expansion and extensive grazing 

(Alemayehu Wassie & Lowman, 2014). These patches of natural forest have survived as 

a result of the traditional conservation effort of the Ethiopian Orthodox Tewahido 

Churches (Yeraswork Admassie, 1995). 
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In Ethiopia the bulk of research on church forests centers on ecological and forest cover 

conditions (Scull et al., 2017; Alemayehu Wassie, 2002; Bongers et al., 2006; Wassie et 

al., 2009; Lowman, 2011; Wassie et al.,2010; Cardelús et al., 2013; Daye & Healey, 

2015; Aerts et al., 2016). 

Thus, understanding their carbon stock and role in climate change mitigation is scarce 

even though some researches have been done so far Tulu Tolla (2011);  Mohammed et al 

(2014),  Abel et al. (2014); Getaw Yilma (2016); Asaminew Abiyu (2013) and Asersie 

Mekonnen and Motuma Tolera (2019).   

However, no study has been conducted in Abune Aregawi Debere Bereket Church, and 

Montogera Estifanos Church forest in Amhara Regional state and in Mai- Anbesa Kidane 

Miheret Monastery and Emba Kidest Arsema Mekane Kidusan Andinet Monastery forest 

in Tigray Regional State which this paper intends to evaluate carbon stock potential of 

these forests. Therefore, this study has been conducted to estimate the carbon stock 

(storage) of these church forests by survey of forest stand measurement and by 

quantifying the carbon stock in above and below ground: dead litter and soils organic 

carbon, which are known potential pools for carbon sink. 

1.3. Objectives of the Study 

1.3.1. General objective 
The overall objective of this study was to estimate the carbon storage of the selected 

church forests and its implication for climate change mitigation. 

1.3.2. Specific objectives 
 To estimate carbon stock in above and below ground biomass, in litter and soils. 

 To determine the variation of carbon stock along altitudinal gradient and site of 

church forests. 

 To assess the role of church forests in climate change mitigation.   
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1.3.3. Research questions  
 

1. How much carbon is stored in different pools aboveground, belowground, dead litter as 

well as soil? 

2. How does altitude affect the carbon stock of church forests? 

3. What it the role of church forests in climate change mitigation?   

4. Is there any difference of carbon stock (storage) among churches? 

 1.4. Significance of the study 
 

This study will give baseline information about carbon storage of church forests. Precise 

estimation of forest biomass is vital for a number of purposes including national 

development planning, scientific studies of ecosystem productivity, and to evaluate the 

role of forest lands to carbon cycle (Basuki et al., 2009).  Therefore information obtained 

will be helpful in planning and implementing the forest restoration management and 

knowledge based conservation strategies at community, regional or national level. More 

importantly, government development agents and others can use this finding for local 

people to encourage them and expand forest land management system in those areas. 

Besides, it would be a useful reference for researchers and other personnel interested in 

the area of study. This study is significantly important particularly in showing how 

protected areas for societal benefits have contributed for mitigation of climate change.   
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            CHAPTER TWO 

                     2. LITERATURE REVIEW 

2.1. Carbon cycle 
 

Carbon is the core element for life on Earth (Roston, 2008). Carbon compounds are found 

in the oceans, soils, crust and atmosphere which form the stores within the carbon cycle, 

linked by flows (fluxes). 

It is stored on our planet in the following major sinks as organic molecules in living and 

dead organisms found in the biosphere; as the gas carbon dioxide in the atmosphere; as 

organic matter in soils; in the lithosphere as fossil fuels and sedimentary rock deposits; 

such as limestone, dolomite and chalk; and in the ocean as dissolved atmospheric carbon 

dioxide and as calcium carbonate shells in marine organisms. These carbon reservoirs 

naturally act as both sources, adding carbon to the atmosphere, and sinks, removing 

carbon from the atmosphere (Lal, 2005). 

Carbon cycle is the exchange of carbon between its four main reservoirs: the atmosphere, 

terrestrial biosphere, oceans, and sediments (Luke et al., 2007). It is tightly coupled with 

climate: climate regulates the ecosystem C storage capacity (Fung et al., 2005), and 

carbon released from or sequestered by ecosystems has impact on climate (Falkowski et 

al., 2000;   Houghton, 2001). 

Conceptually, the global carbon cycle has two domains, the fast and slow domains (Ciais 

et al., 2014). The fast domain consists of carbon in the atmosphere, the ocean surface, 

ocean sediments and on land in vegetation, soils and freshwater where carbon turnover is 

relatively fast (from a few years to decades). In the slow domain, which consists of the 

huge carbon stores in rocks and sediments, carbon turnover is slow (up to millennia or 

longer). Since 1750, the beginning of the Industrial Era, fossil fuel extraction from 

geological reservoirs, and their combustion, has resulted in the transfer of a significant 

amount of fossil carbon from the slow domain into the fast domain, thus causing a major 

anthropogenic perturbation in the carbon cycle and further in the climate system (Ciais et 

al., 2014). Inherent to this understanding, in recent years, the carbon cycle was out of a 
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state of equilibrium as a result of two classes of major perturbations. On this premise, 

(Grace et al., 2014) observed that the two classes of major perturbations, which were 

perpetrated by the rich countries of the world, are fossil fuel burning and the removal of 

forests in tropical countries. 

According to the global carbon budget (Le Quéré et al., 2018), a key indicator of the 

anthropogenic influence of the global carbon cycle, provides an assessment of 

anthropogenic carbon emissions and their redistribution among the atmosphere, ocean, 

and terrestrial biosphere (Figure 1). These authors reported that human-induced 

perturbation (e.g. combustion of fossil fuels and land-use change) during 2007-2016 

resulted in an input of 39.2±5.0 PgC yr
-1

 carbon dioxide (CO2) into the atmosphere, of 

which 51% was taken up by land (11.2±3.0 PgC yr
-1

) and ocean (8.7±2.0 PgC yr
-1

) 

reservoirs and 44% remained in the atmosphere (17.3±0.2 PgC yr
-1

) leaving a remaining 

unattributed budget imbalance of 5%. Therefore, oceanic and terrestrial ecosystems 

represent a critical ecosystem service which slows the rise in atmospheric CO2 

concentration, and reduces the influence of anthropogenic carbon emissions on global 

climate change (Ballantyne et al., 2012). 

 

 

Figure 1. The main components of the global carbon cycle. 
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The carbon uptake by terrestrial ecosystems varies markedly between years and has a 

strong response to climate variations, in comparison with the relatively stable carbon 

uptake by the ocean reservoir (Lovenduski & Bonan, 2017; Le Quéré et al., 2018). The 

Fifth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC AR5) 

reported that there are large uncertainties in projecting future carbon storage by Earth 

System Models (ESMs): the majority of ESMs projected continued net carbon uptake 

(sink) under all future CO2 emission scenarios, yet some models simulated a net carbon 

emission from the land (source) due to the combined effect of climate change and land 

use change (Ciais et al., 2014). 

According to Clark, (2004) the current discussion about global change, including land-

use change and greenhouse gas emissions, has increased interest in the global carbon 

cycle. Because it plays a key role in regulating the Earth‟s climate by controlling the 

concentration of CO2 in the atmosphere (Luke et al., 2007). 

2.2. Overview of climate change  
 

Climate can be defined as the average patterns of weather experienced over a time period, 

be it several millennia, a few months, or the nominal thirty years (Le Treut et al., 2007). 

The classical period for averaging these variables is 30 years (climatic normal). 

Temperature and precipitation are the most commonly values used; however, other values 

may include wind, solar radiation, pressure and relative humidity (Houghton, 2002). 

„Climate Change‟, the most uttered environmental term of present time has been used to 

refer to the change in modern climate brought predominantly by human being. It is 

perhaps one of the most serious environmental issues that today‟s world population 

facing (Moser & Dilling, 2004; Grover, 2011) though the issue is not new (Vlassopoulos, 

2012).  

Climate change is believed to be caused by factors, such as biotic processes, plate 

tectonics, volcanic eruptions, and variations in solar radiation received by Earth (USEPA, 

2015). The latest assessment report by IPCC (2013) states with 95% confidence that 

human influence is the main cause of the observed warming in the atmosphere and 

oceans and other indicators of climate change and that continued emissions of greenhouse 
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gases (GHGs) will cause further warming and changes in the components of the climate 

system.   

Since the late 18
th

 century the planet has entered a new geological epoch called the 

Anthropocene (Crutzen, 2016), in which mankind has become the major environmental 

force, driving changes in the atmosphere, hydrosphere and biosphere (Estes et al., 2011). 

In this vein, anthropogenic greenhouse gas (GHG) emissions are likely to be the main 

cause of the climate change observed since the 1950s (Rockström et al., 2009; Steffen, & 

Noone, 2009; World Wildlife Fund (WWF), 2016). Regarding to this fossil fuel 

combustion, cement production and flaring are the leading causes of GHG emissions, 

having contributed with 78% of the total emissions in the last 40 years (IPCC, 2014). 

Although there are uncertainties about the estimates of emissions from deforestation, it is 

well accepted in the literature that it is the second biggest cause of GHG emissions, 

accounting for up to 20% of CO2 equivalent (Cramer et al., 2004; Scharlemann et al., 

2014; IPCC, 2014). The major greenhouse gases include carbon dioxide (CO2), methane, 

oxides of nitrogen and chlorofluorocarbons (CFCs).  

The Fifth Assessment Report of IPCC states that warming of the climate system is 

unequivocal, that the atmosphere and ocean have warmed, snow and ice have melted, sea 

level has risen and greenhouse gas concentrations have increased (Stocker et al., 2014). 

The report finds that the largest contributor to observe warming is the increase in carbon 

dioxide in the atmosphere and that it is “extremely likely” that human influence has been 

the dominant cause of this warming since the mid-20
th

 century.  

The concentration of carbon dioxide (CO2) in the atmosphere has increased from 

approximately 277 parts per million (ppm) in 1750 (Joos & Spahni, 2008), the beginning 

of the Industrial Era, to 407.38±0.1 ppm in 2018 (Dlugokencky and Tans, 2019) (figure 

2). The atmospheric CO2 increase above pre-industrial levels was, initially, primarily 

caused by the release of carbon to the atmosphere from deforestation and other land use 

change activities (Ciais et al., 2014). 
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Figure 2 . Atmospheric carbon dioxide concentrations in parts per million (ppm) for the 

past 800,000 years, based on EPICA (ice core) data. 

The effect of climate change has been a major concern globally (Fang et al., 2018; Yao et 

al., 2018). It leads to average global temperature rise, sea level rise, melting of glaciers, 

changes in the habitat for plants and animals, intense droughts, hurricanes and other 

extreme weather events, increased wildfire risk and increasing events of floods and 

storms (Kumar & Sharma, 2015). 

IPCC predicts that anthropogenic emissions of greenhouse gases will raise the global 

mean surface temperature from 1.4°C to 5.8°C over the next century (Pala et al., 2013). 

Therefore, there is a need to reduce the emissions leading to limit the increase in global 

temperature below 2 °C in respect to pre-industrial level (i.e., measured from 1750) 

(IPCC, 2014). Therefore, developing effective climate change mitigation strategies and 

promoting sustainable forest management is of important decision making (Manyanda et 

al., 2020). 

2.3. Climate change, its impact and response in Ethiopia 
 

Climate change is considered as the biggest environmental threat in human history and 

the defining human challenge for the twenty-first century.  

In Africa, GHG emissions have risen by 70% over the last decade (IPCC, 2014). 

Ethiopia‟s contribution to GHG emissions is negligible on a global scale (less than 0.3%), 
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which is around 150 Mt CO2e in 2010 (of which about 87% of GHG emissions came 

from agricultural (crop - 12 and livestock - 65 Mt CO2e a year), and forestry (55 Mt CO2e 

a year) and the remaining 13% is from power, transport, industry and buildings) (CRGE, 

2011). However, if current practices prevail, the GHG emissions will be 400 Mt CO2e in 

2030 and the per capita emission level will increase by more than 50% to 3 t CO2e and 

will exceed the global target to keep it between 1 - 2 t per capita to limit its contribution 

to climate change (CRGE, 2011). 

According to The National Meteorological Agency (NMA) (2007) climate variability and 

change in Ethiopia is mainly manifested through the variability and decreasing trend in 

rainfall and increasing trend in temperature. 

Historical climate analysis for Ethiopia indicates that mean annual temperature has 

increased by 1.3°C between 1960 and 2006, an average rate of 0.28°C per decade and the 

increase in temperature in Ethiopia has been most rapid in June, August, and September 

at a rate of 0.32°C per decade (McSweeney et al., 2008). The country‟s minimum 

temperature has increased by between 0.37° C and 0.4° C per decade (Warner et al., 

2015b). 

The multi-model average shows warming in all four seasons in all 

regions, with annual warming in Ethiopia by the 2020s of 1.2 °C with a range of 0.7–2.3 

°C (2050s 2.2°C, range 1.4–2.9°C) (Conway & Schipper, 2011).   

Future temperature projections of the IPCC mid-range scenario show that the mean 

annual temperature will increase in the range of 0.9 to 1.1ºC by 2030, in the range of 1.7 

to 2.1ºC by 2050, and in the range of 2.7 to 3.4ºC by 2080 in Ethiopia compared to the 

1961 to 1990 (Ethiopian Economic Association (EEA), 2008). 

Similarly Rainfall is historically highly variable and there is no clear trend in the amount 

of rainfall over time (Mcsweeney et al., 2010) as climate models show different 

projections of annual rainfall over Ethiopia, with some models projecting more rain, 

others less, but with a tendency for slightly wetter conditions (Conway et al., 2011).  

As a result, reconstructed rainfall since 1811 revealed significant inter-annual variations 

between 2.2 and 3.8 year periodicity, with significant decadal and multi-decadal 
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variations during 1855–1900 and 1960–1990; the duration of negative and positive 

rainfall anomalies varied between 1–7 years and 1–8 years (Mokria et al., 2017). 

According to EEA (2008), the IPCC forecast on the level of precipitation shows a long-

term increase in rainfall in Ethiopia despite the short and medium term observation of 

frequent dry periods with extreme rainfall levels. The average change in rainfall is 

projected to be in the range of 1.4 to 4.5 percent, 3.1 to 8.4 percent, and 5.1 to 13.8 

percent over 20, 30, and 50 years respectively, compared to the 1961 to 1990 (EEA, 

2008). 

Ethiopia is vulnerable to climatic variability owing to its low adaptive capacity: this can 

be explained by the low level of socio-economic development, high population growth, 

inadequate infrastructure, lack of institutional capacity and high dependence on climate 

sensitive, natural resource-based activities (NMA, 2007). According to Centre for Global 

Development (2010), Ethiopia is ranked 11
th

 of 233 countries in terms of its vulnerability 

to physical climate impacts, and 9
th

 in terms of overall vulnerability (physical impacts 

adjusted for coping ability). 

The National Adaptation Program  of Action of Ethiopia (National Meteorology Agency, 

2007) states that current climate variability is already imposing a significant challenge to 

the country by affecting food security, water and energy supply, poverty reduction and 

sustainable development efforts, as well as causing natural resource degradation and 

increases in the extent and magnitude of natural disasters. 

In Ethiopia, the impact of climate change is studied largely at country level in different 

sectors mainly emphasizing on the impacts of agricultural productivity and water sectors. 

These studies reveal that climate change and variability severely affect economic 

conditions, livelihoods and agricultural production, and food security, water resources 

and health (Zenebe et al., 2018; Legesse et al., 2016; Solomon Melaku, 2016;  

Endalkachew Abebe and  Asfaw Kebede, 2017). 

According to Evans (2012) with only 0.5 per cent of agricultural land with access to 

irrigation – agriculture is predominantly rain-fed and as such vulnerable to the impacts of 

climate change and extreme weather events. As a result, even the projected temperature 

https://www.researchgate.net/scientific-contributions/2125064534_Endalkachew_Abebe
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change under the most ambitious emissions scenarios will have significant impacts on 

agriculture in extreme events (Murphy & Tembo, 2014). 

The World Bank in 2008 undertook a study on the economic impact of climate change in 

Ethiopia using the Computable General Equilibrium (CGE) model and found that 

climatic shocks lower growth rates significantly (World Bank, 2008a). Accordingly, 

Climate change induced impacts are projected to result in a 2-10 per cent loss of GDP by 

2045 relative to baseline growth (World Bank, 2010). 

The frequency of droughts in Ethiopia, particularly in the recent decades, is an indication 

of the prevalence of the variation in climate as the country experienced both dry and wet 

years over the last 54 years (Belay Zerga & Getaneh Gebeyehu, 2016).  Since 1876, 

about 22 droughts with an average cycle of every 6 years have occured in Ethiopia 

(Eshetu et al., 2010). 

By recognizing the threat of climate change as a challenge, Ethiopia has developed and 

implemented a wide range of legal, policy and institutional frameworks on environment, 

water, forests, climate change, and biodiversity (César & Ekbom, 2013). As a result, the 

country ratified the UNFCCC (in May 1994), UNCCD (in June 1997) and Kyoto protocol 

(February 2005). Under these commitments the country has undertaken a number of 

actions. Among others the Climate Resilient Green Economy (CRGE) Strategy is the 

notable one. 

The Climate Resilient Green Economy Strategy (CRGE) is launched in 2011 and has 

been described as a “strategic framework for organizing Ethiopia‟s response on climate 

change” (Department for International Development (DFID), 2011), to keep its 

development objectives on track in the context of a changing climate. The CRGE outlines 

how Ethiopia will reduce 255 mtCO2e per year while ensuring economic growth. 

Moreover, the strategy guides the protection of the country against the adverse effects of 

climate change and to build a green economy that will help realize its ambition of 

reaching middle-income status before 2025. 

It has three complementary objectives: fostering economic development and growth, 

ensuring abatement and avoidance of future emissions, i.e. transition to a green economy 
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and improving resilience to climate change (CRGE, 2011). Further it focuses on four 

pillars that will support Ethiopia‟s developing green economy respectively (CRGE, 

2011): adoption of agricultural and land use efficiency measures; increased GHG 

sequestration in forestry, i.e., protecting and re-establishing forests for their economic 

and ecosystem services including carbon stocks; deployment of renewable and clean 

power generation and use of appropriate advanced technologies in industry, transport, 

and buildings. 

According to CRGE plan, though there are the environmental policy and laws set out the 

basis for dealing with climate change, it is essential to recognize that the implications of 

climate change and the steps required for an effective response to go well beyond 

environmental management.  By this it underscores that climate change must not be 

considered as a narrow sectorial issue, instead a cross-sectorial response is needed, 

involving the whole of the government. Thus the strategy complements the Growth and 

Transformation Plan (GTP) as it provides an ambitious cross-sectorial plan for achieving 

the transition without increasing current levels of GHG emissions (CRGE, 2011). 

The CRGE document further assessed the institutional setup and the personnel capacity; 

and the need for developing the enabling environment (policies, legal frameworks and 

institutions) for implementation of the CRGE initiative. 

2.4. The role of forests in climate change mitigation 
 

Interest about mitigating atmospheric greenhouse gas emissions is driving concerns about 

managing carbon within ecosystems (Millar et al., 2012). Terrestrial ecosystems can thus 

be seen as an opportunity to mitigate climate change as they  provide several climate 

change mitigation options, especially from forest related activities through both the 

increase of removals (carbon uptake from the atmosphere) and the reduction of emissions 

(IPCC, 2007a). These ecosystems, including forests and grasslands, play an important 

role in sequestering carbon dioxide (CO₂ ), thereby helping to remove it from the 

atmosphere and lessening the effects of anthropogenic climate change ( USDA, 2011; 

IPCC, 2013).  
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According to FAO (2016) forests currently cover only about one third of Earth‟s surfaces 

and they are important for global carbon cycle because they sequester carbon from the 

atmosphere, and also emit carbon resulting from loss of biomass (Houghton et al., 2009; 

Kishwan et al., 2012). Forest has the potential to remove CO2 from the atmosphere and 

store in wood, leaves and soil, hence reducing the effect of climate change (Yao et al., 

2018; Favero et al., 2017; Bushesha & Katunzi, 2017). To corroborate this, (Corbera et 

al., 2010) highlight, forests play a very important role in climate change, since they store 

more than half of the terrestrial carbon,  approximately 60% of the total carbon stock 

contained in terrestrial carbon pools ( Federici et al., 2017) . 

Consequently Pan et al. (2013) have reported forests account for 92 percent of all 

terrestrial biomass, storing approximately 400 Gt C, but this is not homogeneously 

distributed across the Earth. Tropical forests account for two-thirds of all terrestrial 

biomass (262 Gt C), while temperate (47 Gt C) and boreal (54 Gt C) forests each contain 

about 20 percent of the amount of carbon found in tropical forests (Pan et al., 2013). 

Studies (Federici et al., 2017; Grassi et al., 2017; Johan Rockström et al., 2017) and the 

IPCC (2014) suggest that the global mitigation goals cannot be met without the inclusion 

of forests, reducing deforestation and forest degradation, reforestation and improved 

forest management (IFM).  According to the IPCC report on Land Use, Land-Use 

Change, and Forestry (LULUCF) (Watson et al., 2000), in the forestry sector, three types 

of mitigation projects are distinguished:  

 Afforestation (A): Conversion of long time non-forested land to forest with 

(relatively) free species selection, e.g., using non-native and fast-growing 

species.  

 Reforestation (R): Conversion of recently non-forested land to forest, often with 

a conservation or landscape protection background, generally, planting rather 

native species and focusing on restoration of “nature like” ecosystems. 

 Deforestation Avoidance (D): Avoidance of conversion of carbon-rich forests to 

non-forest land, normally driven by land use change and illegal selective logging 

(Asner et al., 2005). 
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These actions can contribute up to 25% of atmospheric CO2 reduction by 2050 by 

reducing emissions, increase CO2 removals through sinks at low costs and have synergies 

with adaptation and sustainable development (Niles et al. 2002; Barker et al., 2009). But 

they already remove around 25% of the anthropogenic carbon emissions added to the 

atmosphere each year (Le Quéré et al., 2018), and could provide an additional 30% of the 

mitigation needed by 2030 (Griscom et al., 2017). 

The Intergovernmental Panel on Climate Change (IPCC) reported that the forest sector 

has a mitigation potential of 0.2–13.8 GtCO2e/year in 2030 with a cost up to 

US$100/tCO2e (Smith et al., 2014). Similarly FAO (2016) highlighted that, globally, 

forest activities can provide economic mitigation potential ranging from 1.9 to 5.5 

GtCO2e/year in 2040 at costs less than US$20/tCO2e. On the top of this forests acting as 

carbon sinks, they absorb about 2 billion tons of carbon dioxide each year (FAO, 2018a). 

Valuing carbon secured in the forest can be significant towards mitigation outcomes for 

the forests positive contributions to global change, via forecast in the mechanisms 

responsible for reducing carbon emissions (Litton et al., 2004; Ebuy et al., 2011; 

Mohanraj et al., 2011; Ensslin et al., 2015). The precise estimation of forest carbon is 

also required to understand the role of the forest for mitigate actions to achieve the 

National Determined Commitment (NDC) such as REDD
+
 (Kishwan et al., 2012) and 

evaluating the role of forests for their ecosystems services to the poor (Pandey, 2009).  

According to  Nandy et al., (2019) quantification of forest biomass is, thus, vital for 

carbon budget accounting, carbon flux monitoring and for understanding the forest 

ecosystem response to climate change. Therefore, estimation of the forest biomass/carbon 

stocks not only contributes in Reducing Emissions from Deforestation and forest 

Degradation (REDD) but also in the sustainable management of forest (Hussin et al., 

2014). 

2.5. Ethiopian forest and its carbon stock 
 

Ethiopia approved a new forest definition in February 2015 and communicated it to the 

UNFCCC in January 2016. According to the new definition, a forest is “Land spanning at 

least 0.5 ha covered by trees (including bamboo) attaining a height of at least 2 m and a 
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canopy cover of at least 20% or trees with the potential to reach these thresholds in due 

course.” (Federal Democratic Republic of Ethiopia (FDRE), 2016). The reason for the 

change in forest definition is to capture Ethiopia‟s dense woodlands that have a wider 

distribution through the country. 

Several authors and national or subnational inventory projects have carried out 

assessments and documented forest resources of Ethiopia. Close to 40 % of Ethiopia 

might have been covered by high forests as recently as the sixteenth century as historical 

sources indicate (Ethiopia Forestry Action Program (EFAP), 1994a). EFAP (1994a) notes 

that about 16 % of the land area was estimated to have been covered by high forests in 

the early 1950s, which declined to 3.6 % in the early 1980s and further declined to 2.7 % 

in 1989 (Bekele Million and Berhanu Leykun, 2001). By 2000, the coverage was reduced 

to only 4.2% (FAO, 2001). 

The land-use/land-cover statistics show that woody vegetation, including high forests, 

covers over 50 percent of the land (Woody Biomass Inventory and Strategic Planning 

Project (WBISPP), 2005). According to the census by the Woody Biomass Inventory and 

Strategic Planning Project of 2004 (Kefiyalew Smegen, 2016), Ethiopia owns a total of 

59.7 million ha of land covered by woody vegetation. Of this total woody vegetation, 6.8 

percent is high forests, 49 percent is woodland, 44.2 percent is shrub land or bush land, 

and plantations cover less than 1 percent. Forest cover represents about 52.86 percent 

(highland forests, plantations, woodlands and shrub lands) of the land cover of Ethiopia 

(Yitebitu et al., 2010). 

Natural forests and other woody vegetation available for wood supply in 1990 were 

estimated at 14 million ha; the remaining 20 million ha do not supply wood (FAO, 2015). 

According to the same source, the total area of natural forests was estimated at 15.114 

million ha in 1990, but this figure fell to 13.7 million ha in 2000, 13 million ha in 2005, 

12.3 million ha in 2010 and 12.4 million ha in 2015, a recorded decrease in forest cover. 

Ethiopia lost an average of 0.8 percent of its forests between 1990 and 2015 (FAO, 

2015). But, the current statistics (Ministry of Environment Forest and Climate Change 

(MEFCC), 2018) show that Ethiopia has 17.78 million ha of forest resources, i.e. 

covering 15.5% of the country‟s total area. 
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Ethiopia does not have carbon monitoring databank (MEFCC, 2016); As a result, the 

actual biomass carbon stock has been little known. But some efforts have been done to 

assess the forest biomass carbon of Ethiopia. Among those the following are the notable 

ones. It was also noted that the figures indicated at national level for carbon stock of the 

country by different authors is not consistent. For instance, 153 million tons Houghton 

(1999), 867 million tons Gibbs and Brown, (2007a) and 2.5 billion tons, and 2.5 billion 

tons by Sisay et al., (2009). 

According to Yitebitu et al., (2010) Ethiopian forests contain about 2720 million metric 

tons of carbon or 2.8 billion tons of carbon. The major store of carbon in the country is 

found in the woodlands (45.7%) and the shrub lands (34.4%) and relatively lesser amount 

is found in the high forests, (15.7%), plantations (2.2%) and in the lowland and highland 

bamboos (1.92%). According to estimated AGB using remote sensing data, the Ethiopia‟s 

biomass stocks are largely concentrated in the montane forests of the south and southwest 

of the country, in the south-central Oromia,Western Oromia,Kaffa-Sheka zones in 

Southern Nations and Nationalities and Peoples region and the lower AGB stocks are 

found in Gambella, Benishangul Gumuz, Amhara and Tigray; Afar and Somali regions 

(FAO, 2010). 

Forest resources in Ethiopia have experienced so much pressure due to the increasing 

need for wood products and conversion to agriculture. If the deforestation continues at 

the present rate of about 2%, the existing 2.76 billion tons of stored carbon will be 

released to the atmosphere in 50 years (Abate et al., 2006). 

2.6. Sacred groves and their role in climate change mitigation 
 

Forests conserved by communities due to their perceived religious or spiritual 

significance are found worldwide, and may represent the oldest form of protected areas 

management (Sheridan and Nyamweru 2008; Dudley et al., 2009). In line with this, 11% 

of the world‟s forests are currently under community ownership and located mainly in 

sacred sites (International Union for Conservation of Nature (IUCN), 2009). 

Sacred groves are community-preserved, often small, forest patches in which certain 

spiritual, cultural or religious values contribute to the conservation of biodiversity and 
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ecosystem services (Berkes, 2009; Dudley et al., 2009; Ray et al., 2014). They might be 

remnants of earlier more continuous forests or planted or regenerated forest patches in 

non-forest landscapes( Bhagwat et al., 2014). Similarly Sacred groves might be smaller 

or larger ecosystems originated from lacerate and blaze system of agriculture left 

standing around farmlands with and without organized institution services as center for 

culture and religious life (Alemayahu Wasie, 2002). 

These groves called globally with different names and for different purposes, such as 

church forests, fetish forests and sacred forests (Ormsby and Ormsby, 2010, Cardelús et 

al., 2012). They are found in all over the world, including Japan, Morocco, India, Ghana 

and Ethiopia (Cardelús et al., 2012; Cardelús et al., 2013; Dudley et al., 2010). A church 

forest is a forest that surrounds a church or a forest found in lands belonging to a church 

(Dagninet, et al., 2016). 

Most forests in Ethiopia are modified natural forests or plantations (FAO, 2006a), 

because during the past 3,000 years, however, almost all original forests have been 

cleared and changed (Darbyshire et al. 2003). At present, remnant forest patches are 

found almost exclusively within the compounds of churches and monasteries (Aerts et 

al., 2006; Alemayehu Wassie, 2007). Another study by FAO (2012) agrees with the 

above study that Ethiopia‟s significant forest patches are found in and around 

monasteries, graveyards, mosque compounds, churches and other sacred sites.  According 

to White, (1983) most wood species in monastery and church compounds are endemic to 

afro-mountain vegetation type which is center for plant genetic diversity and opportunity 

for climate change mitigation. 

These remnant natural forest fragments persist because of their sacred status under 

religious knowledge of forest conservation of the Ethiopian Orthodox Tewahido 

Churches (EOTC) (Alemayehu Wassie, 2002; Bhagwat & Rutte, 2006; Abiyou et al., 

2015; Cardelús et al. 2017). In fact forests are an integral part of the Ethiopian Orthodox 

Tewahido Church (EOTC), which likely originated in the fourth century AD (Alemayehu 

Wassie, 2002). Inherent to this understanding, The Orthodox Church has a long history of 

conserving the forest resources found in the ring of Afromontane forest that surrounds 

each individual church (AlemayehuWassie & Demel Teketay, 2006). 
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The churches are governed by the Ethiopian Orthodox Tewahido Church, one of the 

oldest Christian churches in the world (Alemayehu Wassie & Demel Teketay, 2006, 

Bhagwat & Palmer, 2009). Churches manage their forests autonomously, and 

management varies from strict protection (with some churches surrounded by walls and 

patrolled by paid forest guards) to weak protection with poorly controlled harvesting of 

trees (Dagninet et al., 2016).  

Arguably, there are many assumptions regarding these church forests. Some argue that 

church forests are centuries-old remnant forests, offering glimpses of what the long-

depleted Afromontane forests around each church community might have once looked 

like (Aerts et al., 2016).  Conversely, Others question whether or how closely church 

forests actually represent the original forests of northern Ethiopia (Alkama & Cescatti, 

2016; Meire et al., 2013), since studies of pollen records show forests in the region have 

been influenced by human activity for over 3000 years, with repeated cycles of 

afforestation and deforestation (Eshetu & Högberg, 2000; Darbyshire et al., 2003; Sertse 

et al., 2011). 

With remote sensing analyses by (Aerts et al., 2016) estimating as many as 19,400 

church forests in the Ethiopian highlands, with a total area of 39,000–57,000 ha. A recent 

inventory using high-resolution satellite imagery revealed more than 8000 church forests 

in the Amhara Region alone, ranging from <1 ha to over 100 ha in size (Reynolds et al. 

2015, 2017). These church forests are virtually all that is left of the Ethiopian 

Afromontane forest (Aerts et al., 2006; Wassie et al., 2010; Berhane et al., 2013; Jacob et 

al., 2015) and local people rely on these church forests for the provisioning of livestock 

feed, tree seedlings, fuel wood, honey, clean water and other essential ecosystem services 

including shade, climate regulation, habitat for pollinators and spiritual values (Cardelús 

et al., 2012; Dagninet et al., 2016). 

Although these sacred groves are smaller in size, they provide significant ecological, 

economic and social benefits to the community. The ecosystem services they provide 

include carbon storage, nutrient cycling, moisture, and air purification (Alemayehu 

Wassie, 2002; Bhagwat & Palmer, 2009; Cardelús et al., 2013). In addition to its role for 

the nature conservation, sacred cultural and religious aspects behind sacred institutions 
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are potential for climate change prediction and shock resistance (Rudiak-Gould, 2012). 

However, they are under severe threats due to deforestation by anthropogenic pressures 

for agricultural land expansion, grazing, footpaths to churches, firewood, charcoal, and 

timber production (Eshetu Yirdaw, 2001; Abiyou et al., 2015). 

 

2.7. Concepts of carbon pools 
 

Forests play a significant role in sustaining economy, ecology and social development 

and growth (Chakravarty et al., 2012). They may mitigate climate change through 

extraction of biomass that substitutes fossil fuels and fossil fuel intensive materials (Haus 

et al., 2014; Gustavsson et al., 2017), or through buildup of carbon pools in biomass and 

soil (Schulze et al., 2012). 

According to FAO (2004) a carbon pool is defined as a reservoir which has the capacity 

to accumulate or release carbon. There are five major global C pools. The largest is the 

oceanic pool with 38,000 Pg (Pg = 1015 g), followed by 5000 Pg stored in the geologic 

pool (coal, oil and gas), pedologic (soil, 2500 Pg), atmospheric pool (760 Pg) and the 

biotic pool (560 Pg) (.Lal, 2004). These pools are interconnected, and C is constantly 

cycling between them. 

The six main carbon pools in forest ecosystems are aboveground trees, aboveground non-

tree (undergrowth shrubs, grasses and herbs), forest floor (or litter), dead wood, 

belowground roots, and soil organic matter (IPCC, 2003;  Pearson et al., 2005, 2007) 

(figure 3). According to the IPCC (2006), carbon pools in forest ecosystems comprises of 

carbon stored in the living trees aboveground and belowground (roots); in dead matter 

including standing dead trees, down woody debris and litter; in non-tree understory 

vegetation and in the soil organic matter. Below is a representation of relative percentage 

proportion of carbon stocks in each pool (Zerihun et al., 2012).  

 Aboveground biomass (15-30%);  

 Belowground biomass (4-8%);  

 Woody necro-mass (1%);  

 Organic litter (0.4%) and  

 Soil (60-80%). 
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Figure 3 IPCC carbon pools approaches Source: USAD-CIFOR-ICRAF Project, 2009). 

2.7.1 Measuring above ground carbon pool 
 

Among the carbon pools, aboveground carbon (AGC) is the major component which 

stores over 80% of the global terrestrial carbon (Dube et al., 2018; Zhang & Liang, 

2014). AGC, however, is highly vulnerable to Climate change and human disturbances 

(Lin et al., 2012) . 

Above ground biomass includes all woody stems, branches and leaves of living trees, 

creepers and climbers (Genene et al., 2013). The carbon stored in the aboveground living 

biomass of trees is typically the largest pool and the most directly impacted by 

deforestation and degradation (Gibbs et al., 2007). 

The ecological function and economic values of forests, which often expressed in terms 

forest biomass and volume, require a reliable method of estimation (Djomo et al., 2010; 

Günlü et al., 2014). Direct measurement of volume and biomass, in most cases, gives a 

reasonable accuracy; however, employing field measurement especially in large-scale 
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plantation projects is quite expensive: labor-intensive, mostly destructive, time-

consuming and sometimes impracticable. (Ounban et al., 2016). Thus, estimation of 

volume and biomass using allometric equations which can represent the field 

measurement for large-scale industrial plantations is highly advisable (Oyamakin, 2011). 

Generally two methods of field measurement (Forest Inventory) are available. The first 

one is the destructive method, also known as the harvest method, is the most direct 

method of biomass estimation (Gibbs et al., 2007). This method involves harvesting all 

the trees in a delineated area and measuring the mass of the different components of the 

harvested tree (Ravindranath & Ostwald, 2008; Devi & Yadava, 2009). Though this 

method determines the biomass precisely for a given area, it is time and resource 

consuming, laborious, destructive and costly, and it is not feasible for a large scale 

analysis (Kaiser et al., 2014). Generally, the method is used for developing biomass 

equations to be used for assessing biomass on a larger-scale (Návar, 2009; Segura & 

Kanninen, 2005).  The second method of tree biomass estimation is the non-destructive 

method. It entails estimating the biomass of a tree without felling. This method involves 

measuring the diameter at breast height and height of the tree (Ravindranath & Ostwald, 

2008). 

Unlike early efforts of individual tree and stand volume estimations which follow 

destructive method, recent research works use allometric equations constructed from 

easily measurable tree parameters, mainly diameter at breast height (DBH) and total 

height (H) (Akindele & LeMay, 2006; Zhao et al., 2016). An allometric equation is a 

statistical model which uses parameters, such as tree diameter and/or height and wood 

specific gravity to estimate the biomass and the carbon stock of trees (Pilli et al., 2006). 

They are the cost-effective methods of estimating the economic and ecological values of 

both natural and plantation forests (Lehtonen et al., 2004; Berhanu Kebede & Teshome 

Soromessa, 2018). The other merits of using allometric equations are their ability to 

reflect the actual estimation of total carbon and biomass of the stand including the un-

merchantable components of the forests, particularly trees (Gómez-García et al., 2014)). 

Moreover, it is also frequently used to convert forest inventory data obtained at plot level 

into biomass estimates at tree-level (Brown, 1997; Chave et al., 2005; Henry et al., 2013; 
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Ekoungoulou et al., 2014). Tree allometric equation models are used in estimating tree 

biomass by regressing the biomass of whole trees or their components against some 

easily measured variables in the field ( Zhang & Kondragunta, 2006). 

Allometric equations express tree biomass as a component of the parameters, for 

example, diameter, height, or wood density, or a combination of these (Kuyah et al., 

2012). Diameter at breast height is commonly used for above-ground biomass (AGB) 

estimation because it is simple to be repeatedly measured with high accuracy, and 

generally follows commonly acknowledged forestry conventions (Kuyah et al., 2012). 

Nevertheless, the relationship between biomass and tree dimensions differs among 

species and may also be affected by site characteristics and climatic conditions (Kuyah et 

al., 2012). Brown et al. (2004) recommended that all the trees with in the plots should be 

measured at DBH of 1.3m above trees by tagging with the placement number. 

A previous study by Ketterings et al., (2001) reviewed the dynamics of allometric 

equations and stated that the most commonly used functions are polynomials and power 

models although the former has the disadvantage of presenting biologically unreasonable 

shapes. The power function is, however, widely used in biology and considers diameter at 

breast height (DBH) and stand height (H) as the most common variables used. 

Consequently, Divya et al., (2011) suggest that measurements of DBH alone or in 

combination with tree height can be converted to estimates of forest carbon stocks using 

allometric relationships. This supports earlier arguments by Chave et al., (2005) that 

above- ground biomass is strongly correlated with trunk diameter.  Ketterings et al., 

(2001) suggested that inclusion of stand height (H) may be important when comparing 

sites, particularly secondary forests. The authors emphasized that site-specific wood 

density (ρ) and DBH versus H were two factors whose incorporation into allometric 

models could reduce estimate errors. 

In an earlier study by Chave et al., (2005), some errors associated with estimation of 

above-ground biomass were reviewed. The authors concluded that most important source 

of error is currently related to the choice of the allometric model. Tropical forest 

allometric models used for above-ground biomass estimation suffer from three important 

short-comings: (i) they are constructed from limited samples; (ii) they are sometimes 
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applied beyond their valid diameter range; (iii) they rarely take into account available 

information on wood specific gravity. The level of above ground biomass carbon stock in 

species depends on the species type, ages of land use, site, allometric equation used and 

agro ecology (Henry et al., 2009; Chave et al., 2005) 

Allometric Equation Equation 

Ecological Zone 

to be Applied 

Author Remark(diameter 

(cm) at breast height 

Y =0.0673×(𝜌*𝐷 2 *𝐻) 0.976 Tropical dry 

forest 

Chave et 

al., 2014) 

D:5-212 cm 

Y =exp.{-2.187+0.916 ln(𝜌*𝐷 

2*𝐻)} 

Tropical dry 

forest 

Chave et 

al., 2005 

D: ≥ 5 cm 

Y =exp.{-2.187+0.916 ln(𝜌*𝐷 

2*𝐻)} 

Tropical 

rainforest 

Brown et 

al., 1989 

D: ≥ 5 cm 

Y =34.4703-8.0671*D+0.6589* Tropical shrub 

land 

Brown et 

al., 1989 

D: ≥ 5 cm 

 

Table 1 Different Allometric Equations for Estimation of Biomass 

Y- above-ground biomass (kg), D- diameter (cm) at breast height (1.3 m), H- height (m) 

and 𝜌-wood density (t/m3 ), R.f- rainfall. 

Gibbs et al., (2007) observed that species-specific or location specific allometric 

relationships are not needed to generate reliable estimates of forest carbon stocks, 

particularly when sample sizes are small (Chave et al., 2005). The rationale lies in the 

fact that species-specific models do not improve accuracy although they are occasionally 

warranted to validate allometric equations for specific locations. In view of this, this 

study exploited the application of generalized equations for the purpose of comparison.  
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2.7.2. Measuring belowground carbon pool 
 

Below ground biomass (BGB) is biomass in living roots of trees excluding fine roots < 2 

mm diameter (IPCC, 2006). It is an important component in carbon and nutrient cycling 

in forests, consisting of 20–26% of the total biomass (Cairns et al., 1997). 

Below ground biomass estimation is much more difficult and time consuming than 

estimating aboveground biomass (Geider et al., 2001). As a result, estimation of BGB is 

more efficient and effective using a conservative ratio for shoot: root predicts root 

biomass based on AGB carbon. Although, there are different regression models (with less 

data) that are available for estimation of BGB as a function of AGB recommended by 

(Cairns et al., 1997) for different regions (Pearson et al., 2007). For example, the ratio for 

shoot-root ranges from 0.18 to 0.30, with tropical forests in the lower range and the 

temperate and boreal forests in the higher range (Cairns et al., 1997). 

2.7.3. Measuring Litter carbon pool 
 

According to Watson (2008), litter is dead surface plant material that is still recognizable 

and is not decomposed to the point that identification is impossible to define and includes 

dead leaves, twigs, dead grasses, small branches (less than the minimum diameter used to 

define coarse woody debris-normally 10cm). Litter carbon in forests is a relatively small 

but important part of carbon budgets (Domke et al., 2016).  

Many estimates of the dead litter pool in forests use quadrants to assess the litter mass per 

unit area at a given point in time (Ordóñez et al., 2008). 

According to IPCC (2006), the dead litter carbon pool relies on the establishment of wet-

to-dry mass ratio. However, where this is not possible, default values are available by 

forest type and climate regime from IPCC ranging from 2.1 t C ha
-1

 in tropical forests to 

39 t C ha
-1

 in moist boreal broadleaf forest (IPCC, 2006).  Biomass always is oven dried 

and generally is converted to units of carbon by multiplying biomass by 0.5 (Pearson et 

al., 2005). 
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2.7.4. Measuring Soil carbon pool 
 

Soil organic matter in general and carbon in it (SOC) are one of the most common 

indicators of soil quality and it has multiple interactions with ecosystem services. One of 

the soil-mediated ecosystem services is carbon storage and greenhouse gas regulation 

(Keesstra et al., 2016). 

Soil Organic Matter (SOM) is a continuum, generally constituted of plant, animal and 

microbial residues, their transformation products and by-products (Lützow et al., 2006). 

Soil organic carbon (SOC) is an important component of soil organic matter with making 

up 58% of SOM (Post & Kwon, 2000). The soil carbon pool is composed of inorganic 

and organic carbon (Conant et al., 2011). It is usually determined for the size fraction < 2 

mm (Ståhl et al., 2003). 

As the largest terrestrial organic carbon pool and the third largest carbon (C) reservoir 

worldwide, it has an important role in the global C cycle (Gray et al., 2015).Worldwide, 

soils are estimated to hold 3,150 Pg of carbon (C) which is more than four times the 

amount of carbon stored in terrestrial plant biomass (650 Pg C) or the atmosphere (750 

Pg C) (Fan et al., 2016). Thus, it has been recognized as the „soul‟ of the soil and a key 

property for soil quality and it is one of our major „friends‟ in sequestering C and thereby 

decelerating global climate warming (Wiesmeier et al., 2019). 

The Soil Science Society of America recognizes that carbon is sequestered in the soils 

directly and indirectly (SSSA, 2001). Direct soil carbon sequestration occurs by inorganic 

chemical reactions that convert CO2 into soil inorganic carbon compounds, such as 

calcium and magnesium carbonates. Indirect plant carbon sequestration occurs as plants 

photosynthesize atmospheric CO2 into plant biomass. Some of this plant biomass is 

indirectly sequestered as SOC during decomposition processes. 

The net balance between the amount of C entering the soil and rate of mineralization of 

the inputs determines the amount of SOC that stores in the soil (Post & Kwon, 2000). 

Plants facilitate accumulation of SOC by the input of new carbon sources to the soil, e.g., 

litter input from leaf, twig, branch, and root fractions, which gradually are transformed 

into humus through time (Schumacher, 2002). 



29 
 

Based on its physical and chemical stability, SOC can be categorized into fast pool 

(decomposes within 1-2 years), intermediate pool (partially stabilized organic carbon 

with turnover times in the range 10-100 years), and slow pool (highly stabilized soil 

carbon which takes 100 to 1000 or more years to decompose) (Lefèvre et al., 2017). 

Soils are a potentially viable sink for atmospheric carbon (Lal et al., 2012). Therefore, 

better estimates of SOC stocks are needed for a better understanding of the carbon 

balance and potential for climate change mitigation (Scharlemann et al., 2014). 

Estimation of carbon in soil pool commonly relies on laboratory analysis of field 

samples. The default value specified in the IPCC guidelines is 0-30cm (IPCC, 2006).  To 

obtain an accurate inventory of organic carbon stocks in the soil, three variables must be 

measured: soil depth to which carbon is accounted, soil bulk density (calculated from the 

oven-dry weight of soil from a known volume of sampled material), and concentrations 

of organic carbon (Pearson et al., 2007). 
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                CHAPTER THREE 

3. MATERIALS AND METHODS 

3.1. Description of the Study Areas  
 

The study was carried out in Abune Aregawi Debere Bereket Church, and Montogera 

Estifanos Church forest in Amhara Regional state and in Mai- Anbesa Kidane Miheret 

Monastery, and Emba Kidest Arsema Mekane Kidusan Andinet Monastery forest in 

Tigray Regional State as the geographical context within which the research questions 

were explored. Each of the church forests is described separately as follows.  

Abune Aregawi Debere Bereket Church forest 

3.1.1. Geographical location 
 

Abune Aregawi Debere Bereket Church forest is found in South Gondar Zone of Amhara 

region, particularly in Fogera woreda with an area of 21.8 ha. It is located at 37°49'E to 

37° 98'E of longitude and 11° 67'N to 12°04' N of latitude. The altitude of Fogera woreda 

ranges from 1783 to 2410 m.a.s.l. (meter above sea level).  Woreta is the capital of the 

district and is found 625 Km from Addis Ababa and 55 Km from the Regional capital, 

Bahir Dar. The woreda is bordered on the north by Limo Kemekem; Dera by, south, on 

the west, by Lake Tana and on the east, by Farta.  

 

Figure 4 Map of Ethiopia showing the study area (Abune Aregawi Debere Bereket 

Church forest) 
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3.1.1.1 Climate  

Metrological data from 1986-2019 obtained from Ethiopian National Meteorology 

Agency (ENMA) of the nearest station (wereta) was extracted, analyzed and presented in 

climate diagram (Figure 5). The average annual rainfall is about 1454 mm, while the 

annual mean temperature also varies from 10.6°C to 30.3°C. Rain fall is mono-modal, 

June to September being the rainy season. 

  

Figure 5 Climate diagram of the nearest station (Abune Aregawi Debere Bereket Church 

forest) (Data source: ENMA) 

3.1.1.2. Topography, Soil and Land use 

Agro ecologically, the woreda is classified as „weina dega‟ (mid land).  As the Woreda 

Agricultural Office indicated the soil type of the woreda is categorized as 65% black soil 

(vertisol), 20% brown soil, 12% red soil, 3% gray soil.  

The land use/cover of Fogera woreda is dominated by agricultural land, 69.9% of the 

total land mass within woreda is allocated to agriculture, Grazing land 14.59%, and 

Forest land 4.67 %.( secondary information from wereda Agricultural Office). 

Montogera Estifanos Church forest 

3.1.2. Geographical location 
Montogera Estifanos Church forest is found in the Amhara Regional State with an area of 

7.5 ha. LiboKemkem wereda is one of the districts located in south Gondar at the North 
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West part of Ethiopia. The town of the district is located 645 kilometers from Addis 

Ababa to the North and 85 kilometer from the regional city of Bahir Dar to the North. It 

is located at 37°57'E to 37° 96'E of longitude and 11° 96'N to 12°36'N of latitude. The 

wereda is bordered in the North, by Semien Gondar Zone; in the South, by Fogera 

Woreda; in the West, by Lake Tana, and in the East, by be Belesa Woreda. The elevation 

of the woreda ranges from 1783 to 2410 m.a.s.l as of the woredas agricultural office. 

 

Figure 6 Map of Ethiopia showing the study area (Montogera Estifanos Church forest) 

 

3.1.2.1. Climate  

Metrological data from 1986-2019 obtained from ENMA of the nearest station (Addis 

zemen) was extracted, analyzed and presented in climate diagram (Figure 7). The study 

area has mean annual rainfall which is 1347 mm. The mean annual temperature of the 

study area ranges from 8.7- 32°C. 
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Figure 7 Climate diagram of the nearest station (Montogera Estifanos Church forest)  

 

3.1.2.2. Topography, Soil and Land use 

The agro-climatic zone of the Woreda consists 81.1% of Woinadega, and 18% of Dega, 

and 0.9% of kolla.  LiboKemkem is characterized by plain, mountainous, ups and downs, 

depression and swampy areas which account 42%, 21%, 30%, 1% & 6% respectively. 

The soils of the study area are categorized as 60% brown soil, 22% red soil, 15% black 

soil and 3% gray soil. A survey of the land in this district shows that 39.9% of the total 

land mass within the woreda is allocated to agriculture. Grazing land, 14.3%; Forest land, 

4.6 %, and others 41.5% (secondary information from wereda Agricultural Office). 

Mai- Anbesa Kidane Miheret Monastery forest 

3.1.3. Geographical location 

Mai- Anbesa Kidane Miheret Monastery forest is found in Enderta, a district found in 

south eastern Administrative Zone of Tigray Regional State in Ethiopia with area of 33 

ha. It is located at 785 km of North of Addis Ababa, the capital city, and geographically 

laid on 13º 24' to 13º 64' North Latitude and 39º 27' to 39º 74' Eastern Longitude and 
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altitude in the area ranges from 1400m to 1800m. It shares borders with Wukro to the 

north, DeguaTemben to the west, Afar region to the east, and HintaloWajirat to the south. 

 

Figure 8 Map of Ethiopia showing the study area (Mai- Anbesa Kidane Miheret 

Monastery forest) 

3.1.3.1. Climate  

Metrological data from 1987-2019 obtained from ENMA of the nearest station (Mekele 

airport) was extracted, analyzed and presented in climate diagram (Figure 9). It is also 

characterized by rainfall of 575 mm per annum, and the minimum and maximum 

temperature is 8.9°C and 27 °C respectively. 



35 
 

 

Figure 9 Climate diagram of the nearest station (Mai- Anbesa Kidane Miheret Monastery 

forest) (Data source: ENMA) 

3.1.3.2. Topography, Soil and Land use 

Agroecology greater portion of Enderta lies in the midland agro-ecological zone. The 

landscape is mostly plain and hills, with bush vegetation (USAID, 2006). Its soil type is 

dark reddish brown and dark black clays and other types. 

Emba Kidest Arsema Mekane Kidusan Andinet Monastery forest 

3.1.4. Geographical location 

Emba Kidest Arsema Mekane Kidusan Andinet Monastery forest is found in Hintalo 

Wajirat woreda on the south eastern zone of Tigray with an area of 16.9 ha.  It is located 

745 km north of the capital Addis Ababa and 38 km South of Mekelle, the capital of 

Tigray region. Geographically, it is positioned between 39°27' to 39°81' E (Latitude) and 

12°88' to 13°41' N (Longitude) and the altitude of the district ranges from 1550 to 3400 

meters above sea level. It is bordered by Enderta woreda on the north, Raya Azebo 

woreda to the south, the Afar region to the east, and Endamehoni and Alaje woredas to 

the west. 
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Figure 10 Map of Ethiopia showing the study area (Emba Kidest Arsema Mekane 

Kidusan Andinet Monastery forest) 

3.1.4.1. Climate  

Metrological data from 2005-2020 obtained from ENMA of the nearest station (Hewane) 

was extracted, analyzed and presented in climate diagram (Figure 11). The study area has 

mean annual rainfall which ranges from 184 mm and the mean temperature estimate 

ranges from 7.3 to 29.5 °C.  
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Figure 11 Climate diagram of the nearest station (Emba Kidest Arsema Mekane Kidusan 

Andinet Monastery forest) (Data source: ENMA). 

3.1.4.2. Topography, Soil and Land use 

Agro ecology of the district is Kolla (22.5%), Weina-Dega (63.75%), and Dega 

(13.75%). in Hintalo-Wajirat the soil compositions are vertisols, cambisols and fluvisols. 

The central part of the district is mostly characterized by black soil with cracking nature 

dominated by clay particles (Relief society of Tigray, 2000 in Mohammed, 2006). 

3.2. Data Types and Sources of the study 
This study was relying both on primary and secondary data. Secondary data was obtained 

through review relevant literature from libraries and internet including resource materials 

such as journals, annual reports, books, workshop proceedings and district reports. 

Primary data was also obtained through field measurement on necessary parameters that 

are used to estimate carbon stock of the study area. 
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 3.3. METHODOLOGY 

3.3.1. Delineation of Study Area  

Delineation is the first activity of the forest carbon measurement area boundaries 

(Bhishma et al., 2010). The initial step activities such as observing the study site area in 

order to get the ways and to record GPS points for boundary delineation of this study 

sites was done. Then after, the GPS points that were taken from each study site to 

indicate each sample plot were recorded. 

3.3.2. Sampling design 

The choice of sample plots size & shape must take into account the accuracy, precision, 

time and cost for measurement (Walker et al., 2012). On top of that, the size of plot 

should be large enough to contain an adequate number of trees per plot to be measured 

(IPCC, 2003).  According to Genene et al., (2013) there are two types of plots – circular 

and square or rectangular plots. However, as stated by Genene et al.,(2013) the square 

plots can be the most cost-efficient and they include more of within-plot heterogeneity, 

and thus be more representative than the circular plots of the same area (Hairiah et 

al.,2001) .   

Therefore, for this study sampling plots of square shape which have dimensions of 20 m 

×20 m was formed. In each site, sample plots were laid out along 100m ground distance, 

using a measuring tape, GPS and compass. The boundaries of the main plots were 

marked, then altitude, latitude and longitude data were recorded from the centre of each 

main plot. Inside larger plots (20 m × 20 m plot), five 1 m × 1 m sub-sampling units (four 

at the corners and one center of main plot) were located for fallen litter  and soil 

sampling. The number of sample plots varied from site to site depending on the area of 

the church and to different existing conditions of the study area like vegetation coverage, 

availability of litter within the study sites. 

3.3.3. Methods of data collection 

3.3.3.1. Inventory of trees 

For this study, to estimate the carbon stock of each study site, the species having DBH 

equal to or greater than 5 cm was considered, since in carbon stock measurement the 
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minimum diameter is often 5 cm DBH as recommended by IPCC (2006) and (Pearson, 

2007) 

All trees having DBH greater than or equal to 5 cm and height at 1.3m were measured by 

using diameter tape and hypsometer.  In cases where trees branched at or below the breast 

height, diameter was measured separately for each branch and quadrat. Diameter at each 

stem was measured separately for trees with multiple stems connecting near the ground. 

A tree with multiple stems at 1.3 m height was treated as a single individual.  

3.3.3.2. Litter sampling 

The Litter samples were collected from 1 m × 1m quadrat sub-plots in each plot. All the 

litter inside within 1 m 
2
 quadrat sub-plots of each main plot were collected, weighed and 

recorded and placed in a plastic bag and labeled to which sample plot it belongs.  Then 

field wet weight was recorded and taken to laboratory to determine the litter biomass. 

Then after, composite sample of 100g in each plot were brought to Addis Ababa 

University Center for Environmental Science for laboratory analysis. The total dry weight 

was determined in the laboratory after oven drying of the sample at 70 °C for 24 hours to 

determine moisture content from which the total dry mass is calculated (Ullah & Al-

Amin, 2012; Negash & Starr, 2015). 

Oven- dried samples were taken in pre-weighed crucibles. The samples were ignited at 

550°C for one hour in muffle furnace. After cooling, the crucibles with ash were weighed 

and percentage of organic carbon was calculated. Finally, carbon in leaf litter t ha
-1

 for 

each site was determined. 

3.3.3.3. Soil sampling 

The soil samples for soil carbon determination were collected from sample plots laid for 

litter sampling. In each sub-quadrat one composite soil sample was taken using core 

sampler auger at depth of 30 cm from the four corners and center of plots. The bulk 

density (BD) of the soil samples were collected by using a core sampler. Then after, soil 

samples were placed in plastic bags and labeled separately to which sample plot they 

belong. Then, samples were taken to Ethiopian Environment and Forest Research 

Institute soil laboratory for analysis. Soil organic carbon was determined in the laboratory 

following Walkley-Black Method (1934). In the laboratory, soil samples were dried at 
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105 °C for 24 hours to remove the soil moisture and to determine the percentage of 

organic carbon as well as the bulk density (Pearson et al., 2005). The soil organic carbon 

was calculated according to Pearson et al., (2005). 

               

Figure 12 Sample plot size and design of main plot, sub-plots for liter and soil samplings. 

3.4. Carbon stock estimation  

3.4.1. Aboveground biomass carbon stock estimation  

 

The aboveground biomass (AGB) consists of all living vegetation above the soil that 

includes stems, stumps, branches, bark, seeds and foliage (Hairiah et al., 2001). To 

estimate the AGB carbon, the total height and perimeter at breast height of all living 

stems ≥5 cm DBH within each plot was measured and identified them to the species 

level. Then, the aboveground biomass (AGB) was estimated using allometric equations. 

The allometric equation is the commonly used method to estimate forest biomass in a 

non-destructive way. Application of regionally developed allometric equations is not 

recommended due to high species-diversity in tropical forest (Gibbs et al., 2007). Thus, 

general allometric equations formulated by some authors have been most frequently used 
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in Africa for the purpose of biomass and carbon stock assessments (Chave et al., 2005; 

Brown & Lugo, 1992; Brown et al., 1989; Henry, 2010; Chave et al., 2014).  

The generic allometric equations developed by Chave et al., (2014) was considered a 

suitable equation to estimate above ground biomass in a tropical forest.  This model 

included sites from Africa by considering 58 study sites of woody vegetation, excluding 

plantations and agroforestry systems with a total of 4004 trees and DBH ranging from 5 

to 212cm, spanning a wide range of climatic conditions and dry tropical forest types. The 

model was found to hold across tropical vegetation types, with no detectable effect of 

region or environmental factors (Chave et al., 2014). According to Henry (2010), 

equations that integrate more than one tree dimension improve the reliability of forest 

biomass estimation.  For this the model of Chave et al., (2014) used by many studies and 

the best pan-tropical AGB model incorporating wood specific gravity, DBH, and total 

height has been the best model for carbon stock assessment in Ethiopia (Ethiopian Forest 

Reference Emissiion Level (EFRL), 2016).  

Since this model performed well across forest type and bioclimatic conditions of pan-

tropical areas, this study used this model to determine the AGB; the equation is given 

below (Chave et al., 2014).  

AGB = 0.0673 *(WD * DBH
 2

 * H) ^ 0.976 -------------------------------------- (equ.1). 

Where: AGB = above ground biomass (in kg dry matter) WD = wood density (g/cm3) 

DBH = diameter at breast height (in cm) H = total height of the tree (in m). 

DBH and tree height were directly measured, wood density of species was obtained from 

other studies and databases of the country (EFRLS, 2016). 

Accordingly, the carbon content of tree vegetation in the study area was estimated by 

following IPCC (2006) which recommended the use of 47% (conversion factor: 0.47) for 

estimations of carbon concentration for aboveground biomass of tropical and subtropical 

forests 

C = 0.47* AGB. …………………………………………………….. (equ.2). 

https://www.sciencedirect.com/science/article/pii/S0048969720346143#bb0235
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3.4.2. Belowground biomass carbon stock estimation  

 

To estimate the carbon stock of belowground biomass, the methodology proposed 

by IPCC (2006), that is the application of a root to shoot ratio method was used. 

The equations that have been used to calculate the belowground biomass is given below:  

BGB = AGB* 0.26 -------------------------------------------------------------------- (equ.3). 

 Where BGB is belowground biomass, AGB is aboveground biomass; 0.26 is the 

conversion factor (or 26% of AGB). The biomass of stock density was converted to 

carbon stock density by multiplying default value of 0.47 carbon fraction (IPCC, 2006). 

C = 0.47* BGB. …………………………………………………….. (equ.4). 

3.4.3. Estimation of Carbon in the Litter Biomass  

 

According to Pearson et al. (2005), estimation of the amount of biomass in the leaf litter 

can be calculated by:  

LB = 
            

 
  

           (   )

           (     ) 
  

 

      
……………………………… (equ.5) 

Where: LB = Litter (biomass of litter t ha
-1

)  

W field   = weight of wet field sample of litter sampled within an area of size 1 m
2 

(g); 

A = size of the area in which litter were collected (ha); 

W sub-sample, dry = weight of the oven-dry sub-sample of litter taken to the laboratory 

to determine moisture content (g), and  

W sub-sample, fresh = weight of the fresh sub-sample of litter taken to the laboratory to 

determine moisture content (g). 

The percentage of organic carbon storage from the dry ash in the litter carbon pool was 

calculated as follows (Allen et al., 1986)  

%Ash = 𝑤𝑐−𝑤𝑎/ 𝑤𝑏−𝑤𝑎   100 ………………………………………….  (equ.6) 

%𝐶 = (100 − 𝐴𝑠ℎ  %)   0.58 ……………………………………………… (equ.7) 

https://www.sciencedirect.com/science/article/pii/S0048969720346143#bb0235
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 This is by considering 58% carbons in ash-free soil material.  

Where, C = organic carbon (%), Wa = the weight of the crucible (g), Wb = the weight of 

oven dried grind samples and crucibles (g), Wc = the weight of ash and crucibles (g). 

Finally, carbon in litter t/ha for each sample was determined. 

   Carbon stocks in dead litter biomass  

CL = LB × % C……………………………….. (equ.8) 

Where CL is total carbon stocks in the dead litter in t ha
-1

, % C is carbon fraction 

determined in the laboratory (Pearson et al., 2005). 

3.4.4. Estimation of Soil Organic Carbon  

 

The carbon stock density of soil organic carbon was calculated as recommended by 

Pearson et al. (2005) from the volume and bulk density of the soil.  

V = h    r
2 

……………………………………. (equ.9) 

Where V is volume of the soil in the core sampler augur in cm
3
, h is the height of core 

sampler augur in cm, and r is the radius of core sampler augur in cm (Pearson et al., 

2005). More over the bulk density of a soil sample can be calculated as follows: 

BD = 
          

 
 ……………………………………. (equ.10) 

Where BD is bulk density of the soil sample per, Wav, dry is average air-dry weight of soil 

sample per the quadrant, V is volume of the soil sample in the core sampler auger in cm
3
 

(Pearson et al., 2005). 

SOC =   BD * d * % C …………………………………….. (equ.11) 

                 Where,      SOC= soil organic carbon stock per unit area (t ha
-1

), 

                                         BD = soil bulk density (g cm
-3

), 

                                          D = the total depth at which the sample was taken (30 cm), and  

                                           %C = Carbon concentration (%)   
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3.4.5. Total Carbon Stock Density (TCSD) 

 

The total carbon stock density of each site was calculated by adding the carbon stock 

densities of the individual carbon pools using the formula (Pearson et al., 2005). In 

addition, it is recommended that any individual carbon pool of the given formula can be 

ignored if it does not contribute significantly to the total carbon stock (Bhishma et al., 

2010). 

Carbon stock density of a study area: 

C density = CAGB + CBGB + C Lit +SOC……………………….. (equ.12) 

      Where: C density =   Carbon stock density for all pools [ton ha
-1

] 

                    C AGTB   =   Carbon in above -ground tree biomass [t C ha
-1

] 

                    CBGB   =      Carbon in below-ground biomass [t C ha
-1

]   

                    C Lit   =           Carbon in dead litter [t C ha
-1

] 

                   SOC =        Soil organic carbon 

The total carbon stock was then converted to tons of CO2 equivalent by multiplying it by 

44/12, or 3.67 (Pearson et al., 2007). 
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3.5. DATA ANALYSIS 
 

After field data collection is completed, the data obtained from DBH and height of each 

species, fresh weight and dry weight of litter and soil was organized and summarized on 

excel spread sheet version 2010. For this study, the amount of carbon stock in vegetation 

and soils were assessed in accordance with the IPCC (2006). Statistical tests (two-way 

ANOVA) were undertaken using appropriate statistical packages in R software. 

Differences at the 95 % (α=0.05) confidence interval was used to see the significance 

differences. 
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CHAPTER FOUR 

4. Results 

4.1 DBH and height distribution of plant species 
 

Montogera Estifanos Church forest 

During this survey the species density of Montogera Estifanos Church forest ranges 

between 3.1- 206.3 stem ha
-1

 (Appendix 1). The greater number of density was recorded 

as Acokanthera schimperi (206.3 stem ha
-1

), Calpurnia aurea (78.1 stem ha
-1

) and Olea 

europaea (62.5 stem ha
-1

). On other hand, the lowest relative density during the survey 

were recorded for species, such as Brucea antidysenterica, Cadaba farinose, Croton 

macrostachyus, Euclea racemosa, Galiniera coffeoides, Grewia ferruginea.  

Interpretation of diameter class were formed into four groups as: A (5.1–10cm); B(10.1– 

15cm); C (15.1–20 cm); D (>20 cm). The species density distribution by diameter class is 

clearly showed in (figure 13). The total result of diameter analysis profile data displayed 

that about higher number of the tree/shrub species are those species which have fallen in 

diameter class B; followed by diameter class C. It concludes that higher number of plants 

was recorded under diameter 2.5-5cm while less number was recorded of plants under 

>20cm. 
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Figure 13 Total species density by diameter class (Montogera Estifanos Church 

forest) 

Individuals of woody species were classified into four height classes these are: A (A=2-

5m); B (5.1–10 m); C (10.1–15cm) and D (>15m) (figure 14) The height class 

distribution of trees and shrubs in Montogera Estifanos Church forest showed that the 

majority of the species belongs to the 5.1–10 height class.  

 

Figure 14 Species density by height class (Montogera Estifanos Church forest) 
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Woji Abune Aregawi Debre Bereket church forest 

The overall density of woody species with DBH ≥5 cm in Woji Abune Aregawi Debre 

Bereket church forest was classified into four density classes: A=5.1-10cm: B=10.1-

15cm: C=15.1-20cm and D=>20cm.. The density distribution of the total species of tree 

individuals of the church forest was shown in figure 15. The fourth class had the highest 

distribution of species density per hectare which is 196.9/ha with DBH greater than 20 

cm, the second takes diameter class A (25/ha) and the least was diameter class B. The 

most abundant woody species among wood species in their order of density were 

Juniperus procera (118.8 stem ha
-1

) and Pittosporum viridiflorum (43.8 stem ha
-1

) and 

the least ones were Acokanthera schimperi, Euclea racemosa and Rhoicissus tridentate 

among others. See appendix 1. 

 

Figure 15 Total species density by diameter class  

The Height of trees in the study area was divided into four height classes. As the result 

showed most of the individual‟s height was greater than 15m, indicating the dominance 

of the forest by larger sized tree species. 
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Figure 16 Species density by height class 

Mai- Anbesa Kidane Miheret Monastery forest 

The distribution of tree in different DBH class was analyzed. Each tree species DBH was 

measured starting from ≥5 cm and categorized into four classes of DBH (A=5.1-10cm; 

B=10.1-15cm; C=15.1-20cm and D=>20cm). Among these DBH class of (5.1-10cm) had 

the highest tree density with 850 /ha (Figure 17). As shown from the figure as DBH class 

size increases, the density distribution of plant species gradually decreases toward the 

higher DBH classes. The most abundant woody species among wood species in their 

order of density were Acacia etbaica (434.4 stem ha
-1

) and Euclea shimpri  (140.6 stem 

ha
-1

) and the least ones were Salix subserrata and Carissa edulis among others (appendix 

1). 
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Figure 17 Total species density by diameter class  

Like DBH, each tree height (H) was measured and categorized in four classes (i.e. A=2-

5m; B=5.1-10m; C=10.1-15m; D=>15.1m). H class of 2-5m (746.9 stem ha
-1 

or 70.29%) 

and 5.1-10m (306.3 stem ha
-1 

or 29%) had the highest density show detail (figure 18). 

This arrangement suggests that a high number of individuals were counted for the lower 

height classes while the other classes showed a decreasing density. This condition 

indicates the dominance of small-sized individuals in the forest and greater potential of 

the regeneration capacity for young trees with a much higher growing rate.  

 

Figure 18 Species density by height class 
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Emba Kidest Arsema Mekane Kidusan Andinet Monastery forest 

For the analysis of number of trees per hectare distribution in relation to DBH, four DBH 

classes were used i.e. class A=5.1-10cm; B=10.1-15cm;C=15.1-20cm; D=>20cm. DBH 

class of (5.1-10cm) had the highest density with 359.4 stem ha
-1

, while the DBH class of 

(15.1-20cm) had the least density of trees with 6.3 stem ha
-1

 (figure 19). This indicated 

that the number of trees has decreased with an increased DBH class of tree.  The most 

abundant woody species among wood species in their order of density were Dodonaea 

angustifolia and Rhus vulgaris and the least one were Syzggum guineense and Euclea 

shimpri among others. 

 

Figure 19 Total species density by diameter class  

 

Height distribution of tree species  

The height of each tree species was categorized into four classes as (i.e. A=2-5m; B=5.1-

10m; C=10.1-15m; D= >15.1m. Among those, the height class of 2-5m had the highest 

density which covered 99.28% of height class distribution. The analysis of tree height of 

the study site based on a number of individuals has resulted in the overall decreasing 

trend with an increase in height. 
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Figure 20 Species density by height class 

4.2. Forest carbon stocks at each church forest  

4.2.1. Carbon stock of Montogera Estifanos Church forest 

4.2.1.1. Above ground, and below ground biomass, carbon stock and co2 equivalent 

 

The result revealed that mean above ground biomass, carbon stock stored, and 

corresponding CO2 equivalent were 125.03, 58.76 and 215.66 ton/ha, respectively. The 

minimum and maximum carbon density with values of 5.06 and 129.34 ton/ha were 

estimated respectively. Accordingly, minimum and maximum of 18.57 and 474.68 ton/ha 

CO2 equivalents were stored in above ground biomass. The result revealed that mean 

below ground biomass, carbon stock, and corresponding CO2 equivalent in the forest 

were 32.51, 15.28 and 56.07 ton/ha, respectively. The minimum and maximum carbon 

density with the value of 1.32 and 33.63 ton/ha were estimated respectively. Accordingly, 

minimum and maximum of 4.83 and 123.42 ton/ha corresponding CO2 equivalents were 

stored in below ground biomass. Details are provided in Appendix 2. 

The result showed that mean litter carbon stock and corresponding CO2 were 2.37 and 

8.69 ton/ha respectively (Appendix 3). 
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 4.2.1.2. Soil Organic Carbon   

 

In the soil carbon pool, the result showed that mean soil organic carbon stock contained 

in it was 76.52 ton/ha. Accordingly, minimum and maximum of 178.40 and 396.16 

ton/ha with mean of 280.82 corresponding CO2 equivalents were stored in the soil. 

Details are provided in Appendix 4. 

 

4.2.1.3. Total Carbon Stock of Montogera Estifanos Church forest 

 
Total mean carbon stock (ton/ha) of Montogera Estifanos Church forest which is the sum 

of AGC, BGC, litter, and soil organic carbon (ton/ha) was 152.93 ton/ha. The 

corresponding minimum and maximum value of CO2 equivalents were 206.17 and 

897.23 ton/ha, with a mean of 561.24 respectively. 

4.2.2. Carbon stock of Woji Abune Aregawi Debere Bereket Church forest 

4.2.2.1. Above ground, and below ground biomass, carbon stock and co2 equivalent 

 

The result revealed that mean above ground biomass, carbon stock stored and 

corresponding CO2 equivalent were 71.19, 33.46 and 122.79 ton/ha, respectively. The 

minimum and maximum carbon density with values of 4.69 and 87.71 ton/ha were 

estimated respectively. Accordingly, minimum and maximum of 17.20 and 321.90 ton/ha 

CO2 equivalents were stored in above ground biomass. It was observed that mean below 

ground biomass, carbon stock and corresponding CO2 equivalent in the forest were 18.51, 

8.70 and 31.93 ton/ha, respectively. The minimum and maximum carbon density with the 

value of 1.22 and 22.80 ton/ha were estimated respectively. Accordingly, minimum and 

maximum of 4.47 and 83.69 ton/ha corresponding CO2 equivalents were stored in below 

ground biomass. Details are provided in Appendix 2. 

The result showed that mean litter carbon stock and corresponding CO2 were 2.16 and 

7.96 ton/ha respectively (Appendix 3). 
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4.2.2.2. Soil Organic Carbon   

 

In the soil carbon pool, the result showed that mean soil organic carbon stock contained 

in it was 86.33 ton/ha. Accordingly, minimum and maximum of 145.74 and 569.53 

ton/ha with mean 316.85 of corresponding CO2 equivalents were stored in the soil. 

Details are provided in Appendices 4. 

4.2.2.3. Total Carbon Stock of Woji Abune Aregawi Debere Bereket Church forest 

 

Total carbon stock (ton/ha) of Woji Abune Aregawi Debere Bereket Church forest which 

is the sum of AGC, BGC, litter, and soil organic carbon (ton/ha) was 130.66 ton/ha. The 

carbon stocks in the plots were ranged in the minimum value of 46.79 ton/ha and 

maximum values of 269.47 ton/ha forest zone. The corresponding minimum and 

maximum value of CO2 equivalents were 172.37and 988.95ton/ha, with a mean of 453.60 

respectively.  

4.2.3. Carbon stock of Mai-Anbesa Kidane Miheret Monastery forest 

4.2.3.1. Above ground, and below ground biomass, carbon stock and co2 equivalent 

 

The result revealed that mean above ground biomass, carbon stock stored, and 

corresponding CO2 equivalent were 12.00, 6.00 and 22.03 ton/ha respectively. The 

minimum and maximum carbon density with values of 0.07 and 55.79 ton/ha were 

estimated respectively. Accordingly, minimum and maximum of 0.27 and 204.76 ton/ha 

CO2 equivalents were stored in above ground biomass.  

The result revealed that mean below ground biomass, carbon stock, and corresponding 

CO2 equivalent in the forest were 3.12, 1.47 and 5.38 ton/ha, respectively. The minimum 

and maximum carbon density with value of 0.02 and 13.64 ton/ha were estimated 

respectively. Accordingly, minimum and maximum of 0.07 and 50.4 ton/ha 

corresponding CO2 equivalents were stored in below ground biomass. Details are 

provided in Appendix 2. 
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The result showed that mean litter carbon stock and corresponding CO2 were 1.33 and 

4.90 ton/ha respectively. 

4.2.3.2. Soil Organic Carbon   

In the soil carbon pool, the result showed that mean soil organic carbon stock contained 

in it was 121.90 ton/ha. Accordingly, minimum and maximum of 335.28 and 562.84 

ton/ha with mean of 447.38 corresponding CO2 equivalents were stored in the soil. 

Details are provided in Appendix 4. 

 

4.2.3..3. Total Carbon Stock of Mai-Anbesa Kidane Miheret Monastery forest 

 

Total mean carbon stock (ton/ha) of Mai-Anbesa Kidane Miheret Monastery forest which 

is the sum of AGC, BGC, litter, and soil organic carbon (ton/ha) was 130.71 ton/ha. The 

corresponding minimum and maximum value of CO2 equivalents were 337.48 and 

829.17 ton/ha, with a mean of 479.69 respectively. 

 

4.2.4. Carbon stock of Emba Kidest Arsema Mekane Andinet Monastery forest 

4.2.4.1. Above ground, and below ground biomass, carbon stock and co2 equivalent 

 

The result revealed that mean above ground biomass, carbon stock stored and 

corresponding CO2 equivalent were 1.50, 0.71 and 2.59 ton/ha respectively. The 

minimum and maximum carbon density with values of 0.27and 1.60 ton/ha were 

estimated respectively. Accordingly, minimum and maximum of 0.99 and 5.85ton/ha 

CO2 equivalents were stored in above ground biomass. The result revealed that mean 

below ground biomass, carbon stock and, corresponding CO2 equivalent in the forest 

were 0.39, 0.18 and 0.64ton/ha, respectively. The minimum and maximum carbon 

density with value of 0.07 and 0.41ton/ha were estimated respectively. Accordingly, 

minimum and maximum of 0.24and 1.44ton/ha corresponding CO2 equivalents were 

stored in below ground biomass. Details are provided in Appendix 2. 

The result showed that mean litter carbon stock and corresponding CO2 were 1.33 and 

4.90 ton/ha respectively (Appendix 3). 
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4.2.4.2. Soil Organic Carbon   

In the soil carbon pool, the result showed that mean soil organic carbon stock contained 

in it was 116.01ton/ha. Accordingly, minimum and maximum of 316.46 and 462.57 

ton/ha with mean of 425.76 corresponding CO2 equivalents were stored in the soil. 

Details are provided in Appendix 4. 

 

4.2.4.3. Total Carbon Stock of Emba Kidest Arsema Mekane Andinet Monastery 

forest 

 

Total mean carbon stock (ton/ha) of Emba Kidest Arsema Mekane Andinet Monastery 

forest which is the sum of AGC, BGC, litter, and soil organic carbon (ton/ha) was 118.24 

ton/ha. The corresponding minimum and maximum value of CO2 equivalents were 

320.28 and 473.86 ton/ha, respectively with a mean of 433.89 ton/ha. 

4.3.Comparison of mean carbon stocks between four selected study sites 
 

The potential of each study sites in carbon stocks vary from site to site due to their 

area coverage and structure vegetation composition of the tree/shrub species. 

Study sites AGC BGC LC SOC TOTAL 

Woji Abune Aregawi Debere   Bereket 

Church forest 

33.46 8.70 2.16 86.33 130.66 

Montogera Estifanos Church forest 58.76 15.28 2.37 76.52 152.93 

Mai-Anbesa Kidane Miheret Monastery 

forest 

6.00 1.47 1.33 121.90 130.71 

Emba Kidest Arsema Mekane Andinet 

Monastery forest 

0.71 0.18 1.33 116.01 118.24 

Mean 24.73 6.41 1.80 100.19 133.14 

Table 2. The means value of the carbon stock in all study sites. 

Based on the result, Figure 21 shows the carbon stock potentials of Mai- Anbesa Kidane 

Miheret Monastery forest and Emba Kidest Arsema Mekane Kidusan Andinet Monastery 

forest were higher than other sites by soil organic carbon stock amount, but the carbon 

stock of the sites were lower than the rest of the study sites in both AGC and the BGC 
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stocks. Therefore, Montogera Estifanos Church forest has higher carbon stock compared 

to the rest of the study sites while Emba Kidest Arsema Mekane Kidusan Andinet 

Monastery forest had low carbon stock. 

 

 

Figure 21 total carbon stocks in study sites 

4.4. Total carbon stock of study sites 
 

The total mean carbon storage of this forest was calculated as 133.14 ton ha
-1.

 

As shown in (Figure 22), the largest stock was observed on soil carbon pool (75%) 

followed by aboveground carbon pool (19%), and belowground carbon pool (5%) and the 

least was leaf litter biomass carbon (1%). 
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                                         Figure 22 carbon stocks at each pool 

4.5. Carbon stock along altitude 
 

In the present study area, the different carbon pools such as carbon stock in above and 

belowground of trees, LHGs and carbon in soil were distributed along the altitudinal 

gradient but there were no statistical significant variation of carbon stock in carbon pools 

along an altitudinal gradient. 

As shown in Table 3, it was noted that there is significant variation in aboveground and 

belowground carbon stock among sites. But the variation of aboveground and 

belowground carbon stock along altitude is statistically insignificant at 95% confidence 

interval (Table 3 and appendix 5 and 6). 

In the same way, there was no significant variation in the mean total carbon stock density 

of LHGs in the study sites. (Table 3& appendix 7) 

Similarly, Despite the presence of mean soil carbon stock density variation in altitudinal 

classes, there was no statistical significant differences (p>0.05) along altitudinal gradient 

(Table 3& appendix 8) 
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Gradient                                      Carbon stock 

Site AGC BGC LC SOC 

F-value 8.762   16.587   2.105   6.898 

P-value 7.63e-05 *** 1e-07 *** 0.111 0.000804 *** 

Altitude     

F-value 1.058     0.022   0.731   0.744 

P-value 0.308     0.883     0.396 0.393921     

 

Table 3 Summarized results of two way ANOVA relation between carbon pools with 

altitude and site 
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                        CHAPTER FIVE 

 Discussions 5.

The studied forest patches were endowed and characterized by important woody and 

shrub species in the Northern Ethiopia. They are one of the very few remaining dry 

afromontane church forests located in the Northern Highlands of Ethiopia. A number of 

studies have been done on vegetation composition and structure of sacred groves of south 

Gonar, Ethiopia (Wassie et al., 2009a; Wassie et al., 2010; Cardelús et al., 2013; Klepeis 

et al., 2016; Cardelús et al., 2017; Amare Bitew, 2019). The church forests have 

considerably different species composition and diversity. Besides, the type of plant 

species observed and identified in the sites were dominant and important woody species 

that could be used for ecological benefit of the country at large. 

In Montogera Estifanos Church forest DBH measurement result showed that more 

number of individuals was distributed in 5-10 DBH classes which are followed by 

considerable decrease towards the lower and higher DBH classes. There were also 

highest numbers of trees in the height class of 5-10m as compared to the other classes. 

This could indicate that the presence of good number of adult trees species for 

reproduction and yield production in the forest. This is due the highest protection of 

church forest due to ritual restriction on cutting and harvesting those forests in many part 

of the country. 

The DBH distribution of Woji Abune Aregawi Debre Bereket church forest was J-shape 

distribution pattern. It is a pattern where number of mother plants is greater than saplings 

and lower number of seedlings. Such species have high recruitment than regeneration 

potential and most of the species. 

The diameter distribution of Mai- Anbesa Kidane Miheret Monastery forest and Emba 

Kidest Arsema Mekane Kidusan Andinet Monastery forest was found to be an invertd J 

shaped distribution. This is might be due to higher number of stems in the lower diameter 

class than in higher diameter class. The contribution of each tree and or shrub species is 

also varied among the size of the trees. In this forest there were higher frequency in the 

lower DBH class that could indicate the juvenile trees are many than the old trees. The 
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older trees, in this case highest DBH class, are fewest as compared to the lower DBH 

classes. 

The reverse J - shaped population curve of trees suggests an evolving or expanding 

population, climax or stable type of population in forest ecosystems indicating that the 

forest harbors a growing and healthy population (Mishra et al. 2005 ; Sahu et al. 2012). 

The differences in density of seedlings and saplings among the species is might be due to 

the interactive effect of biotic and abiotic factors (Khumbongmayum et al. 2006), i.e. 

variation in site conditions, disturbance level, Spp colonization and ecological properties 

(Mwavu and Witkoswski 2009). 

Generally, the variations in density of diameter and height class distribution among 

studied church forests may be due to geographical location, the nature of the forest, age 

of the forest, degree of conservation, and exposure to disturbance. Moreover, in this 

study, results show that church forests can be considered as managed forest, in which 

many species could be conserved and maintained. 

According to Brown, (1997), the above ground carbon stock is 47 t/ha for tropical dry 

forest and 36 t/ha for sub-Saharan African countries while, according to IPCC (2006) 

assessment, 126 t/ha was reported for tropical dry forest and 72 t/ha for open sub-Saharan 

African countries.  Similarly, Houghton (1999) recorded 55 t/ha carbon for tropical dry 

forest and 30 t/ha carbon for open forest in sub- Saharan African countries. The average 

above ground carbon in the present study (24.73 t/ha) was smaller than the value 

indicated above. 

Similarly when compared with other studies, the mean carbon stock in above and 

belowground biomass of the present study was significantly lower than the result of 

Sekele-Mariam Dry Evergreen Montane forest (Asersie Mekonnen and Motuma Tolera, 

2019),  Asamniew Abiyu, Getaw Yilma & Tulu Tolla, Selected Church Forests 

(2013,2016,2011 respectively). The BGC has similar pattern with that of the 

aboveground values due to the fact that it is 0.26 times (26%) of the aboveground results. 

This disagreement on carbon stock of the forest site is probably due to variations in age 

of the trees, management of the forests, the allometric model used (Lasco et al., 2000), 
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regional variability in soil, topography, existing species height, and DBH range of trees 

that few large individuals can account for large proportion of the plots above and below 

ground carbon (Brown & Lugo, 1982). 

According to Brown & Lugo, (1982) litter fall in dry tropical forests range between 2.52- 

3.69 t ha
-1

 year
-1

. On the other hand, mean biomass carbon stock in LHGs for tropical dry 

forests was 2.1 t/ha as reported by IPCC (2006). The finding of the present study was less 

compared to values reported above. Mean carbon stock of litter biomass obtained in this 

study was also lower than Selected Church Forests (Tulu Tola, 2011),  but was higher 

than the result of Sekele-Mariam Dry Evergreen Montane forest (0.02 ton ha
-1

) reported 

by Asersie Mekonnen and Motuma Tolera, (2019), and selected church forests (0.9 

ton/ha) reported by Asamniew Abiyu, (2013). The reason for litter carbon differences 

may be due to factors such as rate of decomposition (which is governed by climatic factor 

like temperature and moisture), the forest vegetation type (species, age and density), land 

cover types and climate (Binkley & Fisher, 2013). Furthermore, the variation might have 

happened due to the difference in forest management practices of the church forests. 

Soil organic carbon plays a vital role in the global carbon cycle and C pools 

(Sundarapandian & Subbiah, 2015).  According to Luke (2018), the average soil organic 

carbon in Ethiopia ranges from 94 to 133 ton/ha. On the other hand the IPCC default 

values are 31 to 130 ton/ha for different tropical soils (IPCC, 2006). This result obtained 

from the present study was consistent with the studies mentioned above.  This finding 

was more or less similar with the findings reported by Asamniew Abiyu, (2013, Asersie 

Mekonnen and Motuma Tolera, (2019) and Tulu Tola, (2011). The contribution of SOC 

stock was higher than the total biomass contribution. 

Forests are one of the crucial ecosystem components that play a great role for temporary 

and long term carbon storage, but the forest biomass and carbon is highly disturbed by 

environmental factors such as altitude (Alves et al., 2010, Asner et al., 2014 and 

Fentahun et al., 2017). 

The maximum of AGC (t/ha) were found in the Montogera Estifanos Church forest. The 

variation may have been occurred due to tree diameter and height.  This implies that the 

higher carbon stock in above-ground biomass in the study site could be related to the 
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higher tree DBH in the church forest. According to Slik et al., (2013) bigger trees have a 

significant role on the variability in carbon stocks.  This is also supported by Gibbs et 

al.,(2007) who reported bigger trees with higher diameter storing the largest density of 

carbon within biomass. Another study suggested that the large-sized tree leads to the 

increase of carbon stocks while the smaller size classes held contributed to a small 

fraction of the live AGC ( Getaneh et al., 2019). 

SOC is determined by the solar radiation, ground vegetation, biomass content and 

microbial activities and so on. One aspect of the organic carbon pool that remains poorly 

understood is its vertical distribution in the soil and accompanying relationship with 

climate and vegetation (Jobbágy & Jackson, 2000). The increase in temperature leads to 

the increase in production and decomposition. In addition to that, high altitude plants 

have large roots to shoot ratio, which results in higher carbon concentration in soil (Yang 

et al., 2009). Soil organic carbon has been shown to increase with increased clay contents 

(Jobbágy & Jackson, 2000) because clay dominated soils are capable of higher SOC 

storage compared to course textured sandy soils due to stabilizing effects by soil macro 

aggregates and associated iron oxides on soil organic matter (Six et al.,2000). These 

might be the reason for the variation in the SOC content in the study sites. 

Generally, the carbon pool of the study sites did not show significant variation along 

altitudinal gradient as aboveground carbon, belowground carbon, litter carbon and soil 

organic carbon. The reason for such might be due similar species composition and the 

topographical nature where the study sites located throughout the altitudinal gradient of 

the forest. 

The climate change mitigation selected church forests were determined by the carbon 

store capacity of each carbon pool existed in the forests. The different carbon pools of the 

study sites had a different capacity to reduce emission to atmospheric carbon dioxides. 

The carbon dioxide equivalent of the study sites had a potential of reducing emission 

453.6, 561.24, 433.89 and 479.69 t/ha CO2 equivalent, respectively, to a total climate 

change mitigation potential of 1928.42 t/ha CO2 equivalents stored. 
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                                           CHAPTER SIX 

 Conclusion and Recommendation 6.

 

Carbon stock study of forests is crucial to show forest potential and role to mitigate 

climate change. 

Mean carbon stock density obtained for the entire church forests was 133.14 ton/ha. 

Although Carbon stock in the study sites were relatively low compared to similar church 

forests in the country, the characteristics of plant communities in the study area present 

good carbon stock especially, in soils and woody biomass. On top of that, there was 

tremendous capacity for the study area to store carbon and act as carbon sink if properly 

managed.  

Differences in carbon storage among studied church forests reflect variation in a number 

of factors, such as tree community physiognomic characteristics, composition and soil 

properties. DBH is the most significant factor for large aboveground biomass storage in 

Mantogera church forest. Mean carbon stock in the respective pools showed that soil 

carbon pool was the highest, followed by above ground biomass while litter was lower in 

carbon stock. 

In this study, aboveground, below ground, and soil carbon pools density litter carbon pool 

was not significantly different along altitudinal gradients. 

The contribution for the provision of a carbon sequestration potential of 1928.42 t/ha CO2 

equivalents could be significantly appreciable role to the global climate change 

mitigation efforts. 

Based on the results of this study, the following recommendations are offered for future 

action; 

 There is a need to create awareness among the local community about church 

forest importance, and participatory management programs should be encouraged 

and implemented. This will go a long way in the realization of full carbon stock 

potential of the study area. 
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 In Ethiopia, in most cases, the community has a high regard for their respective 

religions and cultures. Therefore the government should give due attention for 

those church forests as a focal point of natural forest conservation activities and 

promotion and advertisement of the forests to attract voluntary carbon market.  

 Further research on carbon stock modeling associated with land use/land cover 

change is one of the recommendations to show the carbon dynamism. This will 

contribute towards a clear understanding of the existing carbon dynamics in the 

area. 

 Implement CDM (Clean development mechanism) is the other recommendation. 
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8. Appendices 

Appendix 1 

 

Mantogera, woji abune aregawi, mai-anbesa, arsema church forests species density, 

respectively 

Scientific name 

Height 

class         

2 - 5m 

5.1- 

10m 

10.1 - 

15 >15.1m 

no of 

tree 

counted  

Density 

perha 

Acacia persiciflora 2 

   

2 6.3 

Acokanthera 

schimperi 19 41 1 5 66 206.3 

Albizia schimperiana  

   

2 2 6.3 

Allophylus 

abyssinicus  

 

1 1 1 3 9.4 

Brucea 

antidysenterica  

   

1 1 3.1 

Cadaba farinosa 

 

1 

  

1 3.1 

Calpurnia aurea  1 17 6 1 25 78.1 

Celtis africana 

 

1 1 2 4 12.5 

Croton 

macrostachyus  

   

1 1 3.1 

Cupressus lusitanica 2 10 3 

 

15 46.9 

Euclea racemosa  

 

1 

  

1 3.1 

Euphorbia abyssinica  1 2 2 

 

5 15.6 

Galiniera coffeoides 

   

1 1 3.1 
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Grewia ferruginea  

 

1 

  

1 3.1 

Juniperus procera  

 

4 4 3 11 34.4 

Maytenus arbutifolia 

 

2 

 

1 3 9.4 

Maytenus 

senegalensis 

 

3 3 1 7 21.9 

Mimusops kummel  

   

1 1 3.1 

Olea europaea  

  

2 18 20 62.5 

Phytolacca 

dodecandra  

   

2 2 6.3 

Premna schimperi  

 

8 2 

 

10 31.3 

Pterolobium 

stellatum 

 

1 1 

 

2 6.3 

Schefflera abyssinica  

   

2 2 6.3 

Schrebera alata  

 

1 1 14 16 50.0 

unidentified 

  

1 

 

1 3.1 

Total 25 94 28 56 203 634.4 

 

Scientific name 

Height 

class         

2 - 5m 

5.1- 

10m 

10.1 - 

15 >15.1m 

no of 

tree 

counted  

Density 

perha 

Acokanthera 

schimperi 

 

1 

  

1 3.1 

Euclea racemosa 1 

   

1 3.1 

Ficus thonningii 1 1 

 

1 3 9.4 
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Ficus vasta  

 

1 

 

1 2 6.3 

Juniperus procera  2 2 7 27 38 118.8 

Mimusops kummel  

   

2 2 6.3 

Pittosporum viridiflorum 4 4 6 14 43.8 

Rhoicissus tridentate  

   

1 1 3.1 

Schrebera alata  

  

1 

 

1 3.1 

unidentified 

   

1 1 3.1 

Total 4 9 12 39 64 200 

 

scientific name 

Height 

class         

2 - 5m 

5.1- 

10m 

10.1 – 

15 >15.1m 

no of 

tree 

counted  

Density 

perha 

Acacia etbaica 130 8 1 

 

139 434.4 

Acokanthera schimperi 25 11 1 

 

37 115.6 

Carissa edulis 

 

3 

  

3 9.4 

Cassia arereh 9 4 

  

13 40.6 

Combretum collinum 16 20 

  

36 112.5 

Cordia africana 1 10 

  

11 34.4 

Ehretia cymosa 

var.abyssinica 3 

   

3 9.4 

Eucalyptus camaldulensis 5 

 

1 6 18.8 

Euclea shimpri 32 13 

  

45 140.6 

Euphorbia abyssinica 4 3 

  

7 21.9 
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Pittosporum viridiflorum 2 2 

  

4 12.5 

Rhus retinorrhoea 5 9 

  

14 43.8 

Rhus vulgaris 6 5 

  

11 34.4 

Salix subserrata 1 

   

1 3.1 

 

234 93 2 1 330 1031.25 

 

scientific name 

Height 

class         

2 - 5m 

5.1- 

10m 

10.1 - 

15 >15.1m 

no of 

tree 

counted  

Density 

perha 

Acacia abyssinica 1 

   

1 312.5 

Acokanthera schimperi 2 

   

2 625 

Cadia purpurea 3 

   

3 937.5 

Calpurina aurea 3 

   

3 937.5 

Carissa edulis 1 

   

1 312.5 

Dodonaea angustifolia 13 

   

13 4062.5 

Eucalyptus 

camaldulensis 3 1 

  

4 1250 

Euclea shimpri 1 

   

1 312.5 

Juniperus procera  68 

   

68 21250 

Maytenus arbutifolia 6 

   

6 1875 

Olea europea 22 

   

22 6875 

Osyris quadripartita 5 

   

5 1562.5 

Rhus vulgaris 8 

   

8 2500 
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Syzggum guineense 1 

   

1 312.5 

Total 137 1 0 0 138 43125 

 

Appendix 2 above and below ground carbon stock 

Plot agb Agc agco2eq bgb bgc bgco2eq Altitude Site 

p01 71.51 33.61 123.34 18.59 8.74 32.07 1963 Woji 

p02 186.62 87.71 321.90 48.52 22.80 83.69 1978 Woji 

p03 9.97 4.69 17.20 2.59 1.22 4.47 1963 woji 

p04 31.96 15.02 55.13 8.31 3.91 14.33 1978 woji 

p05 12.21 5.74 21.07 3.18 1.49 5.48 1979 woji 

p06 13.15 6.18 22.68 3.42 1.61 5.90 1971 woji 

p07 161.02 75.68 277.75 41.87 19.68 72.21 1948 woji 

p08 81.29 38.21 140.21 21.14 9.93 36.46 1953 woji 

p09 97.00 45.59 167.32 25.22 11.85 43.50 1980 woji 

p10 12.08 5.68 20.84 3.14 1.48 5.42 1979 woji 

p11 100.04 47.02 172.55 26.01 12.22 44.86 1979 woji 

p12 78.26 36.78 134.99 20.35 9.56 35.10 2001 woji 

p13 14.91 7.01 25.72 3.88 1.82 6.69 1986 woji 

p14 126.63 59.52 218.43 32.92 15.47 56.79 1980 woji 

p15 95.42 44.85 164.59 24.81 11.66 42.79 2140 mantogera 

p16 97.50 45.82 168.17 25.35 11.91 43.73 2166 mantogera 

p17 118.30 55.60 204.06 30.76 14.46 53.05 2192 mantogera 



99 
 

p18 10.77 5.06 18.57 2.80 1.32 4.83 2164 mantogera 

p19 41.28 19.40 71.21 10.73 5.04 18.51 2177 mantogera 

p20 118.19 55.55 203.86 30.73 14.44 53.00 2152 mantogera 

p21 275.19 129.34 474.68 71.55 33.63 123.42 2160 mantogera 

p22 243.56 114.47 420.12 63.33 29.76 109.23 2178 mantogera 

p23 3.98 14.60 82.77 7.96 3.74 13.73 1831 maianbesa 

p24 5.72 21.01 119.06 11.45 5.38 19.75 1830 maianbesa 

p25 0.24 0.87 4.91 0.47 0.22 0.81 1880 maianbesa 

p26 8.61 31.59 179.01 17.21 8.09 29.69 1853 maianbesa 

p27 0.07 0.27 1.53 0.15 0.07 0.25 1877 maianbesa 

p28 4.15 15.24 86.35 8.30 3.90 14.32 1900 maianbesa 

p29 55.79 204.76 1160.51 111.59 52.45 192.48 1920 maianbesa 

p30 5.54 20.34 115.27 11.08 5.21 19.12 1891 maianbesa 

p31 0.25 0.92 5.24 0.50 0.24 0.87 1890 maianbesa 

p32 0.16 0.59 3.33 0.32 0.15 0.55 1890 maianbesa 

p33 15.69 57.59 326.41 31.39 14.75 54.14 1932 maianbesa 

p34 2.97 10.89 61.73 5.94 2.79 10.24 1895 maianbesa 

p35 0.62 2.29 12.98 1.25 0.59 2.15 1894 maianbesa 

p36 0.74 2.72 15.42 1.48 0.70 2.56 1891 maianbesa 

p37 2.17 7.95 45.08 4.33 2.04 7.48 1957 maianbesa 

p38 5.65 20.74 117.53 11.30 5.31 19.49 1962 maianbesa 

p39 7.16 26.27 148.86 14.31 6.73 24.69 1961 maianbesa 
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p40 0.27 0.99 5.62 0.54 0.25 0.93 1943 maianbesa 

p41 0.52 1.92 10.87 1.05 0.49 1.80 1923 maianbesa 

p42 3.18 11.66 66.08 6.35 2.99 10.96 1896 maianbesa 

p43 2.56 9.39 53.20 5.12 2.40 8.82 1916 maianbesa 

p44 1.05 0.49 1.81 0.27 0.13 0.44 2611 arsema 

p45 3.39 1.60 5.85 0.88 0.41 1.44 2639 arsema 

p46 1.09 0.51 1.88 0.28 0.13 0.46 2626 arsema 

p47 0.86 0.40 1.48 0.22 0.10 0.36 2608 arsema 

p48 0.59 0.28 1.02 0.15 0.07 0.25 2621 arsema 

p49 1.71 0.80 2.94 0.44 0.21 0.72 2627 arsema 

p50 1.81 0.85 3.11 0.47 0.22 0.77 2578 arsema 

p51 1.43 0.67 2.47 0.37 0.17 0.61 2635 arsema 

p52 0.74 0.35 1.27 0.19 0.09 0.31 2627 arsema 

p53 2.48 1.17 4.29 0.65 0.30 1.05 2637 arsema 

p54 2.42 1.14 4.18 0.63 0.30 1.03 2638 arsema 

p55 1.22 0.57 2.10 0.32 0.15 0.52 2594 arsema 

p56 1.71 0.80 2.95 0.45 0.21 0.73 2624 arsema 

p57 0.58 0.27 0.99 0.15 0.07 0.24 2587 arsema 

p58 1.50 0.70 2.58 0.39 0.18 0.63 2566 arsema 
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Appendix 3 Litter carbon stock 

Plot wgt 

wt(g) 

fresh 

wt(g) 

oven 

dried 

wt(g) 

wa wb wc LB %ASH %C CL Site 

po1 648.0 100.0 92.3 30.3 35.3 30.8 0.1 10.0 52.2 3.1 Mantogera 

po2 461.0 100.0 87.4 33.6 38.6 34.2 0.0 11.6 51.3 2.2 Mantogera 

po3 524.0 100.0 89.7 30.3 35.3 30.9 0.1 11.8 51.2 2.5 Mantogera 

po4 663.0 100.0 89.8 30.3 35.3 31.0 0.1 13.4 50.2 3.1 Mantogera 

po5 310.0 100.0 91.2 33.6 38.6 35.0 0.0 27.6 42.0 1.2 Mantogera 

po6 480.0 100.0 87.9 28.9 33.9 29.4 0.0 11.0 51.6 2.3 Mantogera 

po7 741.0 100.0 88.1 30.8 35.8 31.5 0.1 14.2 49.8 3.4 Mantogera 

po8 284.0 100.0 90.2 25.0 30.0 25.6 0.0 11.0 51.6 1.3 Mantogera 

P01 503.0 100.0 91.5 28.5 33.5 29.2 0.1 13.4 50.2 2.3 Woji 

P02 446.0 100.0 89.7 25.8 30.8 26.2 0.0 9.0 52.8 2.2 Woji 

P03 679.0 100.0 93.6 30.8 35.8 31.3 0.1 10.2 52.1 3.2 woji 

P04 777.0 100.0 89.5 30.8 35.8 31.3 0.1 8.6 53.0 3.8 Woji 

P05 388.0 100.0 89.3 28.5 33.5 29.3 0.0 15.4 49.1 1.7 Woji 

P06 466.0 100.0 95.7 33.6 38.6 34.2 0.0 12.4 50.8 2.2 Woji 

P07 289.0 100.0 94.1 25.8 30.8 26.4 0.0 12.0 51.0 1.4 Woji 

P08 566.0 100.0 95.8 28.9 33.9 29.4 0.1 10.4 52.0 2.7 Woji 

P09 349.0 100.0 95.1 31.8 36.8 32.5 0.0 13.2 50.3 1.6 Woji 

P10 391.0 100.0 89.3 24.8 29.8 25.5 0.0 14.0 49.9 1.8 Woji 
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P11 476.0 100.0 89.1 30.8 35.8 32.0 0.0 23.4 44.4 1.9 Woji 

P12 351.0 100.0 96.7 24.8 29.8 25.5 0.0 13.0 50.5 1.6 Woji 

P13 525.0 100.0 88.9 31.8 36.8 32.8 0.1 20.0 46.4 2.2 Woji 

P14 440.0 100.0 87.4 28.9 33.9 29.6 0.0 14.8 49.4 2.0 Woji 

P15 463.0 100.0 94.8 28.5 33.5 29.6 0.0 21.2 45.7 1.9 woji 

p01 709.0 100.0 89.4 60.8 65.8 61.6 0.1 14.6 49.5 3.1 Maianbesa 

p02 303.0 100.0 88.6 60.7 65.7 61.7 0.0 20.0 46.4 1.3 Maianbesa 

p03 163.0 100.0 86.9 69.0 74.0 70.7 0.0 33.6 38.5 0.6 Maianbesa 

p04 339.0 100.0 87.4 60.8 65.8 62.0 0.0 22.2 45.1 1.4 Maianbesa 

p05 165.0 100.0 84.9 74.0 79.0 75.7 0.0 33.0 38.9 0.6 Maianbesa 

p06 618.0 100.0 91.4 65.9 70.9 66.7 0.1 16.8 48.3 2.7 Maianbesa 

p07 210.0 100.0 91.7 74.0 79.0 75.9 0.0 38.0 36.0 0.7 Maianbesa 

p08 255.0 100.0 91.5 65.9 70.9 66.8 0.0 18.6 47.2 1.1 Maianbesa 

p09 546.0 100.0 90.2 74.0 79.0 75.6 0.0 31.2 39.9 1.9 Maianbesa 

p10 117.0 100.0 84.0 60.8 65.8 61.6 0.0 16.0 48.7 0.5 Maianbesa 

p11 153.0 100.0 84.8 61.0 66.0 61.0 0.0 0.8 57.5 0.8 Maianbesa 

p12 275.0 100.0 89.5 74.0 79.0 75.7 0.0 33.0 38.9 1.0 Maianbesa 

p13 195.0 100.0 85.7 61.0 66.0 61.5 0.0 11.4 51.4 0.9 maianbesa 

p14 201.0 100.0 89.1 66.0 71.0 67.0 0.0 19.8 46.5 0.8 Maianbesa 

p15 299.0 100.0 91.5 66.0 71.0 66.8 0.0 16.0 48.7 1.3 Maianbesa 

p16 324.0 100.0 92.6 75.9 80.9 76.4 0.0 11.2 51.5 1.5 Maianbesa 

p17 128.0 100.0 91.7 61.0 71.0 62.0 0.0 19.4 46.7 0.5 Maianbesa 
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p18 407.0 100.0 81.9 74.0 79.0 75.6 0.0 30.2 40.5 1.5 Maianbesa 

p19 291.0 100.0 89.8 60.8 65.8 62.0 0.0 22.8 44.8 1.2 Maianbesa 

p20 394.0 100.0 81.9 66.0 71.0 66.0 0.0 1.0 57.4 2.0 Maianbesa 

p21 457.0 100.0 90.6 65.9 70.9 66.3 0.0 8.0 53.4 2.2 Maianbesa 

p22 325.0 100.0 89.7 74.0 79.0 76.0 0.0 38.4 35.7 1.0 Maianbesa 

p23 379.0 100.0 90.8 61.0 66.0 61.5 0.0 11.6 51.3 1.7 Maianbesa 

p24 617.0 100.0 85.8 74.0 79.0 75.6 0.1 31.0 40.0 2.2 Maianbesa 

p25 230.0 100.0 90.3 60.8 65.8 61.9 0.0 21.0 45.8 0.9 Maianbesa 

p01 278.0 100.0 92.3 74.0 79.0 75.9 0.0 36.6 36.8 0.9 Arsema 

p02 183.0 100.0 91.9 65.9 70.9 66.7 0.0 17.0 48.1 0.8 Arsema 

p03 495.0 100.0 88.6 60.8 70.8 61.2 0.0 7.8 53.5 2.4 Arsema 

p04 323.6 100.0 91.1 66.0 71.0 66.5 0.0 11.4 51.4 1.5 Arsema 

p05 198.0 100.0 90.0 74.0 79.0 74.5 0.0 9.0 52.8 1.0 Arsema 

p06 377.0 100.0 84.5 65.9 70.9 66.2 0.0 7.0 53.9 1.9 Arsema 

p07 222.0 100.0 92.3 74.0 79.0 74.9 0.0 16.8 48.3 1.0 Arsema 

p08 237.0 100.0 87.4 66.0 71.0 66.4 0.0 8.0 53.4 1.2 Arsema 

p09 441.0 100.0 91.2 66.0 71.0 66.7 0.0 15.6 49.0 2.0 Arsema 

p11 156.0 100.0 92.3 60.8 65.6 61.6 0.0 16.0 48.7 0.7 Arsema 

p12 238.0 100.0 90.2 61.0 71.0 61.5 0.0 11.6 51.3 1.1 Arsema 

p13 326.0 100.0 92.4 61.0 71.0 61.8 0.0 16.6 48.4 1.5 Arsema 
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Appendix 4 Soil carbon stock 

plot BD 

SOC(0-

30) Altitude site 

P01 2.6 68.298 2140 mantogera 

P02 2.65 61.216 2166 mantogera 

P03 2.64 53.424 2192 mantogera 

P04 2.36 107.946 2164 mantogera 

P05 2.25 105.686 2177 mantogera 

P06 2.34 87.93 2152 mantogera 

P07 2.57 79.03 2160 mantogera 

P08 2.75 48.61 2178 mantogera 

P09 2.61 241.52 1978 woji 

P10 2.57 266.45 1963 woji 

P11 1.58 539.33 1978 woji 

P12 2.74 174.02 1964 woji 

P13 2.63 234.66 1979 woji 

P14 2.61 238.9 1971 woji 

P15 2.55 145.74 1948 woji 

P16 2.72 213.01 1953 woji 

P17 2.66 298.97 1980 woji 

P18 2.53 255.16 1979 woji 

P19 2.55 463.84 1979 woji 

P20 2.56 491.12 2001 woji 
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P21 2.75 303.61 1986 woji 

P22 1.1 149.492 1927 maianbesa 

P23 1.04 153.362 1831 maianbesa 

P24 1.03 148.858 1830 maianbesa 

P25 1.32 113.914 1880 maianbesa 

P26 1.08 144.6 1877 maianbesa 

P27 1.36 112.012 1933 maianbesa 

P28 1.17 132.026 1943 maianbesa 

P29 1.39 111.938 1876 maianbesa 

P30 1.43 101.508 1950 maianbesa 

P31 1.5 91.356 1956 maianbesa 

P32 1.27 122.029 1894 maianbesa 

P33 1.39 110.476 1891 maianbesa 

P34 1.37 106.668 1957 maianbesa 

P35 1.12 136.591 1962 maianbesa 

P36 1.35 93.7 1961 maianbesa 

P01 1.56 86.23 2635 arsema 

P03 1.26 118.785 2639 arsema 

P05 1.22 124.32 2608 arsema 

P07 1.23 126.041 2627 arsema 

P09 1.25 121.049 2635 arsema 

P14 1.24 119.636 2624 arsema 
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Appendix 5 one way ANOVA for AGC 

Summary (two.way) 

            Df Sum Sq Mean Sq F value   Pr(>F)     

site         3 11.795   3.932   8.762  7.63e-05 *** 

altitude     1  0.475   0.475   1.058    0.308     

Residuals   55 24.679   0.449                      

Appendix 6 one way ANOVA for BGC 

summary(two.way) 

            Df Sum Sq Mean Sq F value Pr(>F)     

site         3  24130    8043  16.587  1e-07 *** 

Altitude     1     11      11   0.022  0.883     

Residuals   53  25700     485                   

Appendix 7 one way ANOVA for LC 

summary(two.way) 

            Df Sum Sq Mean Sq F value Pr(>F) 

site         3  32644   10881   2.105  0.111 

Altitude     1   3778    3778   0.731  0.396 

Residuals   53 273979    5169     

Appendix 8 one way ANOVA for SOC 

summary(two.way) 

            Df Sum Sq Mean Sq F value   Pr(>F)     

site         3  15711    5237   6.898 0.000804 *** 

altitude     1    565     565   0.744 0.393921     

Residuals   38  28851     759           


